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Pest insect infestation is a key challenge to crop production in the agricultural industry. To 
reduce crop losses, farmers use chemical pesticides. The continuous use of pesticides lead to the 
development of insecticide resistance. Entomopathogenic nematodes (EPNs) have been found 
to be effective against key insect pests. However, their commercialisation as biological control 
agents is impaired by their short shelf life. Therefore, there is a dire need to develop a 
preservation method that can improve their storage, without negatively affecting their infectivity 
against the target pest insects. 
In this study, two in vitro-cultured South African isolates of EPNs, Steinernema jeffreyense 
and S. yirgalemense, were investigated for their storage stability in different formulations, stored 
at different temperatures. The formulation techniques included the use of diatomaceous earth 
(DE), alginate beads and gels. Pathogenicity tests for all the formulations were done using 
Tenebrio molitor (mealworms).  
Nipagin and Procydin were added to DE formulations as antimicrobial agents. For the DE 
formulation, both the species were investigated and stored at room temperature (RT), at 14 ℃ 
and 25 ℃, and monitored weekly, for a period of 8 weeks. For both species, the survival and 
pathogenicity of the formulated IJs stored at 14 ℃ were higher compared to those stored at 25 
℃, and at RT. The addition of antimicrobial agents prevented contamination, compared to the 
controls.  
To improve storage stability and to reduce the amount of IJs escaping from the 
beads, S. yirgalemense was encapsulated in alginate beads and the impact of three factors were 
investigated; sodium alginate (2% and 4%), calcium chloride (0.5% and 2%) and the different 
bead-hardening times (20 min and 60 min). The beads were stored at a constant 25 ℃ and 
monitored weekly for 6 weeks. This study found that the alginate percentage was the 
most important factor in preventing the infective juveniles (IJs) from escaping from the 
beads. All tested factors had no influence on the pathogenicity of the IJs, considering that the 
mortality of T. molitor remained above 70%.  
Lastly, the storage stability of S. yirgalemense was investigated through the use of two 
different types of agar, that is, STOCKOSORB® 660 and a novel developed cellulose nanofiber 
gel. The formulations were stored at a constant 25 ℃ and monitored weekly for a period of 6 




of S. yirgalemense IJs. The soft agar gels (1% and 1.5%) were found to have a mean percentage 
ranging from 77 - 82% after 6 weeks in comparison to IJs that were formulated in 1 g 
of STOCKOSORB® 660 in 50 ml water which had a 80% mean survival rate. The 
STOCKOSORB® 660-stored IJs were more pathogenic against mealworms than IJs in agar.   
The current study proved that South African EPN species have the ability to maintain a 
shelf life of up to 8 weeks, indicating that there is a high potential for their commercialisation. 
However, more research in large-scale field trials for effectivivity testsing and field persistence 






Besmetting deur pesinsekte is ŉ belangrike uitdaging vir gewasproduksie in die landboubedryf. 
Om oesverliese te verminder, gebruik boere meestal chemiese plaagdoders. Die deurlopende 
gebruik van plaagdoders kan lei tot die ontwikkeling van weerstand teen die produkte. Daar is 
gevind dat entomopatogenies nematodes (EPNs) effektief is teen die belangrike pesinsekte. Die 
kommersialisering daarvan as biologiese beheermiddel word egter benadeel deur die kort 
rakleeftyd. Daar is dus ŉ dringende behoefte om ŉ formulerings metode te ontwikkel wat die 
stoor van nematodes kan verbeter, sonder dat infeksie teen die teikenplaaginsekte negatief 
beïnvloed word. In hierdie studie is twee in vitro gekweekte Suid-Afrikaanse EPN isolate, 
Steinernema jeffreyense en S. yirgalemense, ondersoek vir hul storingstabiliteit in verskillende 
formulasies by verskillende temperature.  
Die formuleringstegnieke het die gebruik van diatoomaarde (DE), alginaat korrels en gels 
ingesluit. Patogenisiteittoetse vir al die formulasies is met behulp van Tenebrio molitor 
(meelwurm) larwes gedoen. Nipagin en Procydin is as antimikrobiese-middels by die DE-
formulerings gevoeg. Vir die DE-formulering is beide die spesies ondersoek en gestoor by 
kamertemperatuur (RT), by 14 °C sowel as by ŉ konstante 25 °C en weekliks gemonitor vir ŉ 
periode van 8 weke. Vir beide spesies was die oorlewing en patogeniteit van die geformuleerde 
infektiewe onvolwasse nematodes (IJs) wat by 14 °C gestoor is, hoër as in 25 °C en by RT. Die 
toevoeging van antimikrobiese middels het kontaminasie verhoed in vergelyking met die 
kontroles.  
Om die stabiliteit van die opberging te verbeter en die hoeveelheid IJs wat uit die alginaat korrels 
ontsnap te verminder, is S. yirgalemense, in die alginaat korrels geënkapsuleer en die effek van 
drie faktore is ondersoek: natriumalginaat (2% en 4%), kalsiumchloried (0,5% en 2%) en die 
verskillende korrel verhardingstye (20 min en 60 min). Die korrels is op ŉ konstante 25 °C 
gestoor en weekliks gemonitor vir 6 weke. Hierdie studie het bevind dat die presentasie alginaat 
die belangrikste faktor is om te verhoed dat die IJs uit die krale ontsnap. Alle getoetsde faktore 
het nie die patogeniteit van die IJs beïnvloed nie, aangesien die mortaliteit van T. molitor bo 




Laastens is die storingstabiliteit van S. yirgalemense ondersoek deur die gebruik van twee soorte 
agar, naamlik STOCKOSORB® 660 en ŉ nuut ontwikkelde sellulose nanovesel gel. Die 
formulasies is by ŉ konstante 25 °C gestoor en weekliks gemonitor oor ŉ 6 weke tydperk. 
Hierdie resultate het getoon dat die nuwe nanovesel gels nie geskik is vir die opberging van S. 
yirgalemense IJs nie. Daar is gevind dat sagte agar-gels (1% en 1.5%) na 6 weke ŉ gemiddelde 
oorlewingspersentasie van 77-82% toon, in vergelyking met IJs wat in 1 g STOCKOSORB® 
660 in 50 ml water geformuleer is en ŉ gemiddelde oorlewing van 80% gehad het. Die 
STOCKOSORB® 660-gestoorde IJs was meer patogenies teen meelwurms as die IJs wat in agar 
formuleer is.  
Die huidige studie het bewys dat Suid-Afrikaans geïsoleerde EPN-spesies die vermoë besit om 
ŉ rakleeftyd van tot 8 weke te handhaaf, wat dui op ŉ groot kommersialiseringspotensiaal. Meer 
navorsing met grootskaalse veldproewe vir effektiwiteitstoetsing en nawerking in die veld is 
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Formulation of entomopathogenic nematodes: a review 
Abstract 
Entomopathogenic nematodes (EPNs) are insect parasites, which are successfully used as 
biological control agents, against pest insects across the world. However, the commercialisation 
and large-scale use of EPNs is limited by their short shelf life in formulations and in storage, 
thus leading to poor quality and reduced efficacy against insects in the field. In South Africa, 
interest in the use of EPNs within an integrated pest management system has grown during the 
past two decades, therefore developing a formulation technique with an acceptable storage 
survival period, while maintaining infectivity, is essential. Moreover, the successful control of 
insects using EPNs is only achievable when the formulated product reaches the end user in good 
condition. This review is focused on the different types of formulations required for storage and 
ease of transport together with the application formulation (for above-ground pests), and the 
factors affecting them. The quality assessment, storage and handling of formulated EPNs are 
also discussed.  
Keywords Entomopathogenic nematodes, formulation, shelf life, infectivity 
  
                                                 





One of the major underlying challenges in the agricultural industry worldwide is the damage 
caused by insect pests. Research has developed resistant crops against some insect pests, which 
has resulted in protection and increased crop production. However, controlling the pests 
effectively and economically, while maintaining a sound ecological balance, remains a struggle 
for producers (Askary and Ahmad 2017). To reduce crop losses, most producers resort to the use 
of chemical pesticides, which offer a quick and easy solution in the short term. The use of high 
amounts of chemicals negatively affects the environment, the soil, the water, and the health of 
human beings (Vos et al. 2000). Previous research also indicates that biological control, in most 
cases, cannot be regarded as a once-off application, or as a silver bullet, for the control of insect 
pests. Therefore, it is of importance to develop biopesticides, like entomopathogenic nematodes 
(EPNs), that can be incorporated into an integrated pest management (IPM) system, and that are 
environmentally safe (Heriberto et al. 2017).  
EPNs belonging to the families Steinernematidae and Heterorhabditidae are insect- 
parasitic nematodes that are used as biological control agents to control pest insects (Grewal 
2002a). The EPNs have a symbiotic relationship with the pathogenic bacteria of the genera 
Xenorhabdus and Photorhabdus (Poinar 1990), with them having the ability to be mass-cultured 
in vivo (using live insects) for small-scale …use and in vitro (liquid bioreactors) for commercial 
use (Ehlers et al. 1998). EPNs, in association with their bacterial symbionts, usually require 
between 24 and 48 h to kill their insect host (Stock 2015).  
The EPN stage that is formulated as a product, and which is free-living and able to search 
for, and infect, insect pests, is called the infective juvenile (IJ) (Fig. 1.1). The stage concerned, 
which is the only non-feeding stage in the life cycle of the nematode, is a specially adapted third 
larval stage, which is physiologically and morphologically adapted to endure adverse conditions 
in the soil environment. IJs penetrate the insect through natural openings (the mouth, the spiracle, 
or the anus), or through thin sections of the cuticle, and release the bacterial symbiont into the 
haemocoel (Banu et al. 2017). Once inside the insect, both the bacteria and the nematode release 
toxins that lead to the rapid death of the insect (Lu et al. 2017). The bacteria reproduce 
exponentially, and the activated nematodes start feeding on the host tissue, which enables them 
to grow into adults, and to reproduce. As soon as the supply of food in the insect cadaver is 
depleted, a new cohort of IJs leaves the dead insect, in search of a new host (Han and Ehlers 
2000; Ehlers 2001; Han and Ehlers 2001). Although they are highly lethal against many different 




or animals. Therefore, no specialised protection, such as masks, safety boots and gloves, is 
required during their application (Shapiro-Ilan and Gaugler 2002).  
 
Fig. 1.1. Infective juvenile stage to be formulated for application against pest insects. 
Although EPNs have proved to be successful biocontrol agents of insects, their efficacy 
under large-scale production is impaired by their short shelf life, which is due to their need to 
maintain biological activity, as well as to their high oxygen demand and sensitivity to extreme 
temperatures. The development of a successful formulation, with an acceptable survival time for 
EPNs to be able to fulfil their role as an effective biocontrol agent, is of importance. Both 
logistical and practical factors, such as transport time and the application window during which 
farmers can receive product and wait for the correct time to apply, require consideration. IJs 
mainly depend on their storage reserves for survival (Silver 1995; Grewal and Peters 2005). 
During mass production and formulation, the quality and quantity of the stored reserves, 
especially lipids, which constitute between 32 and 43% of the total body mass, and the utilisation 
rate during storage correlate with the shelf life of the IJs (Selvan et al. 1993; Grewal and Peters 
2005).  
Ehlers (2007) suggests that, for an EPN formulation to be a successful product, it should 
be formulated soon after nematode production, so as to limit the formulation of dead nematodes, 
which might compromise the storage process. To improve the large-scale use of EPNs as 
biological control agents, ongoing research focuses on the development of IJ formulations that 




that can be transported and applied easily, and that have high infectivity against host insects 
(Shapiro-Ilan et al. 2012; Grzywacz et al. 2014; Ruiz-Vega et al. 2018).  
In South Africa, the use of exotic EPN species is prohibited under the Amendment Act 
18 of 1989, in terms of the Agricultural Pest Act, No. 36 of 1974, regulations, which forbid the 
importation of exotic insect or animal species (Ehlers and Shapiro-Ilan 2005). In the light of the 
above, additional research is being focused on using the local EPN isolates, so as to be able to 
control the pests of South African agricultural industries, with many successful laboratory and 
field experiments having already been carried out (Malan and Hatting 2015; Hatting and Malan 
2017; Malan and Ferreira 2017). 
EPNs were first mentioned in South Africa in the early 1950s, when they were isolated 
from all the life stages of the black maize beetle, found in a maize field in the Eastern Cape 
Province, near Grahamstown (Harington 1953). However, attempts to use the organisms for pest 
control only started in the late 1980s, when they were applied above-ground against sugarcane 
borer by the South African Sugar Association Experimental Station (Spaull 1988).  
To date, there have been no reports of any locally available EPN products on the South 
African market, unlike in the European and American countries (Table 1.1), although 
registration was obtained for Heterorhabditis bacteriophora Poinar, imported from e-nema 
Germany (Hatting et al. 2019). Heterorhabditis bacteriophora is one of the most common EPN 
species in citrus orchards (Malan et al. 2011). The commercial use of EPNs in South Africa is 
still in its infancy, as additional research into the mass production and formulation of local 
species is underway. Recently, the success achieved in in vitro culture has been reported by 
Ferreira et al. (2015) and Dunn et al. (2019), while Kagimu and Malan (2019) have reported 
success with a formulation using diatomaceous earth and the encapsulation of EPNs within 
alginate calcium. Ramakuwela et al. (2015) successfully cultured a local species Steinernema 
innovationi Çimen, Lee, Hatting, Hazir & Stock in vitro, using an artificial medium on sponge. 
The nematodes were stored on a sponge formulation at 15°C, with 91% survival after 84 days, 





Table 1.1. Heterorhabditis and Steinernema species producers in Europe, the USA and Africa. 
Adapted from Kaya et al. (2006) 
Country Company Formulation Nematode species 
Kenya Duduteck DE Hb, Ph, Sf,  
Germany BASF Water-soluble gel, DE Hb, Ph, Sc, Sf, Sk 
 e-nema DE, Polymer Hb, Sf, Sc 
Switzerland Andermatt Biocontrol DE Hb, Sc, Sf 
The Netherlands Koppert DE; Polymer Hb, Sf, Sc, Ssp. 
Asa Jung Laboratory DE Sc, Sf 
BioLogic Bulk, dispersible granule, sponge, 
granular 
Hb, Sc, Sf 
USA Hydro-Gardens Sponge H sp., Sc, Sf, S sp.,  
 M & R Durango Sponge Hb, Sc, Sf 
 ARBICO Sponge Hb, Sc, Sf, Sr 
 Biological Control Systems – - 
 Beneficial Insectary – - 
UK  Bionema DE Hb, Hd, Sc 
H. bacteriophora – Hb; H. downesi – Hd; Heterorhabditis sp. – H sp.; Phasmarhabditis hermaphrodita – Ph; S. 
carpocapsae – Sc; S. feltiae – Sf; S. kraussei – Sk; Steinernema species – S sp; S. riobrave – Sr; Diatomaceous 
earth - DE 
 
Much research into making nematodes a viable product has failed. To ensure success, 
developing a formulation technique with a long storage period, with low or no mortality and a 
high infectivity rate, is crucial (Strauch et al. 2000; Hussein and Abdel-Aty 2012). In spite of the 
limitations pertaining to the survival of EPNs in the formulation, improving the formulation 
techniques is likely to increase the EPN survival rate and to improve application (Perry et al. 
2012). Such is evidenced by the numerous countries selling commercially formulated products 
successfully (Table 1.1). 
The current review will explore the different types of formulation methods previously 
investigated. The focus will be on formulation for storage and transport, together with the 
application formulation (for above-ground pests), for the large-scale commercial application of 
EPNs in our local industries, like grapevine, citrus and deciduous fruit.  
The nature of EPN formulation 
Formulation is the development of a product by means of mixing the active ingredient with non-
active ingredients, possibly including organic products. In the case of EPN formulations, the IJs 




as absorbents, adsorbents, antimicrobial agents, antioxidants, binders, carriers, dispersants, 
preservatives, solvents, surfactants, and UV absorbers (Grewal 2002a). 
The main difference between the EPN formulation and other chemical pesticide 
formulation lies in the need to maintain biological activity during storage and application 
(Georgis 1990). The type of formulation to be used, and its ingredients, depend on understanding 
the physiological chemistry, the ecology and the behaviour of the nematode species (Georgis 
and Kaya 1998).  
Reasons for formulation 
The large-scale use of mass-produced nematodes for commercial application requires storage of 
the product, transport to the field, ease of application in the field, and good-quality nematodes. 
Therefore, nematodes are formulated for convenient storage ability and for improved shelf life. 
According to Grewal (2002a), there have been no reports of nematodes in formulation that are 
comparable to chemical pesticides in terms of cost and shelf life, with nematodes being more 
expensive to produce, due to the high production costs involved, and due to them having a 
relatively short shelf life.  
EPNs are usually stored in water suspensions in culture flasks ranging from 4 ℃ to 15 ℃, 
in which, depending on the species used, they can survive for a period of 3 to 12 months (Chen 
and Glazer 2005). Although mass-produced nematodes can also be stored in suspension in big 
refrigerated bubble tanks for weeks, such a storage method poses a high risk of contamination 
and sets a high demand for oxygen (Bečvář and Mráček 2002). For the above-mentioned reasons, 
it can be concluded that the formulation of EPNs is largely done for the sake of convenience and 
quality conservation. 
Formulations for storage and transport  
Nematodes for long-term storage and transportation to the field can be formulated using different 
techniques. The formulation should be done while the nematodes are fully active, and either 
moving, or slightly desiccated, so as to reduce their mobility (Grewal 2002a). As EPNs are live, 
multicellular organisms, regardless of the formulation type used, their quality tends to decline 
over time, due to the declining stored reserves, with the EPNs eating into their lipid reserve over 
time (Lewis and Perez 2004). According to Grewal and Peters (2005), there are two main 
distinctive approaches that are adopted towards formulations that make them suitable for storage 
and transportation. One is the use of inert carriers such as sponge and vermiculite, which allows 




anhydrobiosis, which is attained by reducing the metabolic state and the activity of the 
nematodes concerned, resulting in the conservation of their energy levels. 
Actively moving nematodes 
For the storage and transportation of nematodes in small quantities, sponge and vermiculite-
based formulations are used. However, such formulations, especially sponge, are not suitable for 
high nematode densities. Due to the IJ mobility in such formulation, they are at high risk of 
escaping from the substrate, which tends to lead to the depletion of energy reserves and to 
possible desiccation (Grewal 2000a; Grewal and Peters 2005). Although they are inexpensive to 
apply, their requirement of continuous refrigeration during storage and transportation is 
expensive (Grewal 2000a).  
Reduced mobility 
Nematodes lose energy during movement, and the goal of formulation being to minimise the 
activity of the IJs for the preservation and consumption of their stored energy reserves. Doing so 
is achieved in some formulations by the slight desiccation of IJs, through the addition of 
ingredients that are capable of reducing water activity, thereby causing partial anhydrobiosis, 
which is referred to as ‘quiescent anhydrobiosis’ (Bedding 1988; Silver and Thermo Trilogy 
Corp 1999; Grewal 2000 b, c). Such a state mimics the IJ’s natural state in the soil. During 
extreme soil dehydration, EPNs undergo a state of partial cryptobiotic anhydrobiosis, during 
which they enter a reversible inactive state, which is typically noticeable in the summer rainfall 
regions (Crowe and Crowe 1992). During the desiccated state in the soil, some plant-parasitic 
nematodes of the family Heteroderidae have the ability to survive for up to approximately 30 
years (Wharton 1986; Womersley et al. 1998). Unfortunately, EPNs cannot tolerate total 
dehydration, and for that reason the use of partial anhydrobiosis is a critical step in their survival. 
Nematodes in the anhydrobiotic state have the ability to better withstand both warm and cold 
temperatures than they can during a more active state (Glazer and Salame 2000; Grewal and 
Jagdale 2002). Ongoing research is focused on the development of an IJ formulation type that 
can be stored in high concentrations for relatively long periods of time, while maintaining their 
effectiveness against the target host, along with heightened field persistence (Grewal 2002a; 
Shapiro-Ilan et al. 2012). Formulations with the above-mentioned characteristics of partial 
anhydrobiosis include powders, granules and alginate beads (Grewal 2000a). 
Sponge 
Polyether-polyurethane sponge sheets, or cubes, can be used as carriers for nematode 




involved. The use of sponge as a carrier can mimic the natural environment, by providing the IJs 
with a large surface area for the desired oxygen exchange, through the sponge perforation (San-
Blas 2013).  
Multiple studies carried out to assess the longevity and infectivity of nematodes on 
artificial sponge formulations have been successful (Bedding 1984; Strauch et al. 2000; Ley and 
Mundo-Campos 2004; San-Blas 2013; Ramakuwela et al. 2015). During an experiment 
conducted by Andalo et al. (2011), the survival rate of Steinernema carpocapsae (Weiser, 1955) 
Wouts, Mráček, Gerdin & Bedding in sponge formulation was found to be 89.3% after 90 days 
and 57.5% after 180 days at 16°C. However, for large-scale application, the high concentration 
formulation needed would not be attainable, and the amount of sponge used would not be 





Table 1.2. The most recent examples of different types of Steinernema and Heterorhabditis species formulations, with shelf life above 60% during 
their storage period 
Formulation Nematode species  Shelf life (weeks) Temperature Survival % References 
Actively moving:       
Sponge S. innovationi  12 15 86 Ramakuwela et al. (2015) 
 S. carpocapsae  13 16 89 Andalo et al. (2011) 
Vermiculite plus S. feltiae  34; 33; 4 15; 25; 35  >80 Leite et al. (2018)  
 S. feltiae  17 5 ˃90 Guo et al. (2017) 
 S. carpocapsae  17 5 ˃90 Guo et al. (2017) 
 S. longicaudatum  17 5 ˃90 Guo et al. (2017) 
Liquid concentrate H. bacteriophora   33 27 89 Strauch et al. (2000) 
 H. indica   6 25 60 Strauch et al. (2000) 
 Steinernema  6-10 mos 5 - Hazir et al. (2003) 
 Heterorhabditis  0-3 mos 5 - Hazir et al. (2003) 
Flowable gels S. abbassi  4 25 69 Ganguly et al. (2008) 
 S. carpocapsae  4 25 67 Hussein and Abdel-Aty (2012) 
 S. carpocapsae  3-4 mos 25 - Grewal (2002a) 
Reduced mobility:       
Wettable powders H. bacteriophora  24 23 99 Kagimu et al. (2017) 
 S. jeffreyense  4 25 65 Kagimu et al. (2017) 
 H. megidis  2-3 mon 25 - Grewal (2000a) 
Water-dispensable 
granules 
S. glaseri  1 25 - Cortés-Martínez et al. (2016) 
Alginate beads S. feltiae  24 23 99 Chen and Glazer (2005) 




Vermiculite and peat 
This type of formulation can be seen as an improvement on the sponge formulation, as it has the 
advantage of using much higher IJ densities with prolonged storage shelf life. However, this type 
of formulation poses problems in application, as it should be broadcasted, or applied, in a mulch. 
Conventional spraying is difficult, even with the spray nozzle being removed to avoid clogging, 
vermiculite and peat particles tend to be too large to fit through the nozzle head.  
Leite et al. (2018) recently formulated Steinernema feltiae (Filipjev, 1934) Wouts, Mráček, 
Gerdin & Bedding, using a mixture of vermiculite and polyacrylamide gel stored at three 
different temperatures, 15 ℃, 25 ℃ and 35 ℃, which had previously not been attempted. The 
survival of S. feltiae in the combination concerned was reported to be higher than 80% for 241 
days (34 weeks) at 15 ℃, for 233 days (± 33 weeks) at 25 ℃, and for 30 days at 35 ℃. Another 
formulation study by Guo et al. (2017) reported an over 90% survival rate for S. carpocapsae, S. 
feltiae and Steinernema longicaudum Shen & Wang, when formulated in a mixture of 
vermiculite and humus, after 120 days at a storage temperature of 5 ℃.  
Mineral oxygenated water  
Entomopathogenic nematodes stored in water in oxygenated refrigerated tanks can last for 
several months. The survival period of Steinernema tends to be between 6 and 12 months, and 
that of Heterorhabditis to be 3 to 6 months (Hazir et al. 2003). The storage method is currently 
employed in large-scale and commercial use, with formulation on demand. Many factors 
contribute to the unsuitability of EPNs stored in mineral oxygenated water, such as their need 
for high oxygen levels and the sensitivity of some nematode species to very low or high 
temperatures. The required species’ optimum survival temperature needs to be constantly 
regulated to suit the species being stored (Shapiro-Ilan and Gaugler 2002; Grewal and Peters 
2005). 
Flowable gels 
Gel formulations made from polyacrylamide were developed for nematode storage by Bedding 
and Butler (1994), in terms of which the EPNs were partially desiccated. The formulations 
showed low survival rates at room temperature. During this time, Chang and Gehret (1992) 
developed a formulation using sodium alginate. Subsequently, Chen and Glazer (2005) improved 
the formulation type, with encapsulation of S. feltiae within alginate capsules. Gel formulations, 
which are among the formulations requiring direct field application, are suitable for room 
temperature storage. Such has been proven by Grewal (2002a), in terms of an alginate gel 
formulation of S. carpocapsae, which managed to last as long as 3 to 4 months, stored at room 
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temperature (25 ℃). In another study, nematodes were mixed with a flowable gel to make a 
NemaGel type of formulation. The formulation was compared to alginate formulation at room 
temperature, with it being found that the longevity involved was reduced (Georgis 1990). In 
contrast with the findings of Georgis (1990), Ganguly et al. (2008) report that the IJs of 
Steinernema abbassi Elawad, Ahamad & Reid (syn. S. thermophilum) in NemaGel formulation 
lasted for a period of 9 months, with 89% survival rate, despite the temperature fluctuations 
concerned ranging between 15 ℃ and 39 ℃.  
Wettable powder 
The first use of powder formulation was reported during the 1980s, with clay being mixed with 
the nematodes to remove the excess water, inducing partial anhydrobiosis (Bedding 1988). The 
formulation became known as a ‘sandwich’, as the nematodes involved were layered in between 
the clay layers. Biotechnology Australia Ltd commercialised the product, but, due to its poor 
storage ability and its clogging of the spraying equipment used, it was discontinued. However, 
the formulation was later improved, with the development of wettable powder formulations, with 
the suitable room temperature storage conditions being established for both the steinernematids 
and the heterorhabditis (Grewal 1998).  
A powder formulation is easy to work with and to apply, due to its ability to dissolve in 
water. Recently the most common powder most recently used in the formulation of EPNs has 
been diatomaceous earth (DE). DE is a naturally occurring powder of sedimentary rock, 
consisting of a fine white powder of varying particle size. It is used in the agricultural industry 
as an insecticide, due to its desiccation ability. Recently, Kagimu et al. (2017) reported the 
advantages of using DE in formulations, including ease of application. When diluted, 
applications can be administered during irrigation, using the already available farm irrigation 
systems, with there being no need for specialised equipment. Kagimu and Malan (2019) regard 
DE formulations as having great potential for formulation technology, due to their ability for 
optimisation. In their study, in which three South African species (S. yirgalemense Nguyen, 
Tesfamariam, Gozel, Gaugler & Adams, Steinernema jeffreyense Malan, Knoetze & Tiedt and 
H. bacteriophora) were formulated using DE, the survival and infectivity rates were still high, 
even in the fourth week, at both 14 ℃ and 25 ℃ storage temperatures.  
Water-dispensable granules  
The method of EPN formulation in granules or pellets was reported from the 1980s, when it was 
first described by Capinera and Hibbard (1987). The researchers concerned used lucerne meal 
and wheat flour to encase the nematodes, inducing partial anhydrobiosis. An improved water- 
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dispersible granular (WG) formulation was later developed, in terms of which the IJs were 
encapsulated in various mixtures of powders (silica, clays, starches, lignin and cellulose) 
(Georgis et al. 1995; Silver et al. 1995). The current research focuses on the development of EPN 
formulations with a prolonged shelf life, enhanced storage ability, high effectivity against the 
targeted organisms, and increased field persistence (Grewal 2002a; Shapiro-Ilan et al. 2012). 
Granular formulations, meeting the above-mentioned requirements (Grewal 2000a), were 
specifically developed to upscale the IJ density in formulations and to overcome the issue of 
short-term storage and resistance during transportation (Georgis and Dunlop 1994).  
Moisture content is amongst the factors that influences the shelf life and the anhydrobiosis 
of formulated EPNs (Grewal 2002a; Bazardeh and Esmaiili 2014). On investigating the effect of 
moisture evaporation on Steinernema glaseri Wouts, Mráček, Gerdin & Bedding pellets, Cortés-
Martínez et al. (2016) concluded that, for S. glaseri pellets to have increased storage stability, 
the moisture level must be retained at 27%. Steinernema carpocapsae, used in a granular 
formulation experiment conducted by Grewal (2002a), was found to have a shelf life of 7 months 
at 25 ℃. The study indicated the positive correlation between the induction of anhydrobiosis and 
the longevity of the IJs involved.  
Ellenby (1968) and Wharton (2002) suggest that the main factor contributing to the 
survival of desiccated anhydrobiotic nematodes is the controlled rate of body water loss. 
Different species adapt in a variety of ways to anhydrobiosis: the survival ability of S. 
carpocapsae is enhanced with a fast rate of water loss, whereas S. glaseri survives well with a 
low rate of water loss (Patel et al. 1997a; Nimkingrat et al. 2013). Recently, Cortés-Martínez et 
al. (2017) reported the importance of pre-acclimatisation on S. glaseri when producing pellets to 
prolong survival time. Steinernema glaseri that were pelletised in DE, and stored at 23 ± 3 ℃, 
had a longerer survival period and a higher rate of infectivity against Phyllophaga vetula 
(Coleoptera: Sarabaeidae) when they were pre-acclimatised, as compared to when they were 
employed in non-pre-acclimatised pellet formulations (Cortés-Martínez et al. 2017).  
Alginate beads and capsules 
The entrapment of IJs in alginate beads was developed to improve the shelf life of nematodes, 
and as an ultraviolet (UV) light and desiccation protectant (Navon et al. 2002; Kagimu and Malan 
2019). Beads and capsules are easy to handle and package (Patel and Vorlop 1994). A recent 
review by Vemmer and Patel (2013) explained how such beads, or capsules, are formed. 
Basically, formation occurs through the process of gelation or membrane formation in the beads.  
Stellenbosch University https://scholar.sun.ac.za
13 
The first attempt at EPN encapsulation was made by Kaya and Nelsen (1985), in terms of 
which the alginate EPN solution was dropped into the CaCl2 solution, resulting in the immediate 
formation of about 1.5-mm-diameter capsules, with the nematodes being immobilised on the 
inside of the solid core. However, the nematodes can, reportedly, escape from the beads when 
they are too soft (Hiltpold et al. 2012; Kim et al. 2015). In an experiment by Kim et al. (2015), 
the IJs escaped from the soft beads within a few days, especially when the formulation was not 
refrigerated. The capsule properties were adjusted, with the higher concentrations of Ca2+ and 
reactions being performed at 4 ℃, which resulted in hard capsules that were relatively thinly 
shelled. Although the hard capsules managed to retain the IJs better than did the soft ones, a 
major concern was that the IJs were unable, ultimately, to escape from the beads. Ideally, the 
viability of the IJs should be maintained for a couple of months, with the EPNs being entrapped 
inside the capsule or bead, until required for use (Kim et al. 2015). Similarly, Hiltpold et al. 
(2012) report that the IJs escaped from the soft capsules after a few days of formulation, which 
proved that the capsule properties needed adjustment to improve the entrapment, and so as 
achieve extended shelf life for the EPNs. Kagimu and Malan (2019) reported that the temperature 
also played an important role in affecting the escape of the IJs from the beads. An increase in the 
number of IJs escaping out of the beads with an increase in temperature storage conditions was 
noted in their study. 
Application formulation  
Infected insect cadavers 
The use of infected insect cadavers is another alternative method of applying EPNs in 
glasshouses and in the fields for small-scale to medium-sized growers (Del Valle et al. 2008; 
Monteiro et al. 2014). The production cost of cadaver formulation is lower, but more labour-
intensive, compared to other formulations. The disadvantage of using such a formulation method 
is the breaking and rupturing of the cadaver insect during its storage, transport and shipping. 
However, coating the cadaver insect with a protective formulation, like starch or clay, can 
overcome the limitation (Shapiro-Ilan et al. 2001). No specialised equipment is required for the 
application of insect cadavers, with it being possible just to broadcast them in the glasshouse or 
field (Monteiro et al. 2014). In terms of such a method, the larvae are inoculated with IJs, while 
after a few days, the infected cadavers are being released in the field, where the IJs will complete 
their life cycle. A new cohort of IJs will then leave the cadaver in search of a new host, thereby 
acting to control the target pest (Shapiro-Ilan et al. 2001).  
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The most commonly used larvae is G. mellonella (Del Valle et al. 2008), because they are 
highly susceptible and they have high IJ production and quality value (Shapiro-Ilan et al. 2001). 
Van Zyl and Malan (2015) indicate that, using wax moth larvae, a mean number of 1 459 205 
and 1 898 512 IJs can be produced per gram of host. However, Costa et al. (2007) claimed that 
the use of G. mellonella is expensive, due to their costly diet. Another alternative is the use of 
Tenebrio molitor (Batista and Auad 2010; Shapiro-Ilan et al. 2010), whose diet can be much 
more cost-effective than the above. However, in comparison with G. mellonella, T. molitor tends 
to produce significantly fewer IJs (Shapiro-Ilan et al. 2002; Van Zyl and Malan 2015). Insect 
cadaver formulations have been reported to be successful in the laboratory, as well as in 
greenhouses and under field conditions (Del Valle et al. 2008; Ansari et al. 2009). The method 
has also been used effectively to control the Rhipicephalus microplus, the Brazilian cattle tick 
(Monteiro et al. 2014). 
Bait stations 
Bait formulations are mainly made of the following ingredients: IJs, a mixture of inert carriers, 
a feeding stimulant, sex pheromones and a toxicant (Georgis and Kaya 1998; Grewal 2002a). In 
those situations where irrigation is impractical, bait formulations be used for the control of insect 
pests. In a study experiment conducted by Capinera and Hibbard (1987), two S. feltiae baits were 
prepared to be tested against grasshoppers. One bait formulation consisted of calcium alginate 
capsules with 5% wheat bran, while the second bait was an alfalfa-wheat pellet bait, consisting 
of alfalfa meal, wheat flour, wheat bran, corn oil and locust bean gum (0.5%). The results showed 
the suppression of locusts within 2 days of application. Both the bait formulations had a positive 
effect on the percentage mortality as compared with the control treatments. Although no recent 
reports on studies being conducted on baits have been produced. During the late 1900s, bait 
formulations were used in laboratory experiments on cutworms and tawny mole crickets 
(Georgis, 1990). In the experiment, hydroxyethyl cellulose and glycerine were added to minimise 
the migration of IJs from the baits. Under field conditions, no significant difference was found 
between the bait formulations and the aqueous suspension IJs used against black cutworms, 
although the former did outperform the controls (Capinera and Hibbard; 1987).  
A bait station of gel on a riffled plank was developed by e-nema for the control of black 
vine weevil. In the formulation, IJs of S. carpocapsae, mixed with gel are pressed into furrows 
in wood. The IJs involved are reported to have a shelf life of at least 6 weeks. For application, 
the board is placed upside down, with irrigation being recommended when the soil is dry 
(Burmeister n.d.).  
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Above-ground application  
The use of EPNs against above-ground pests has been noted as being successful in a number of 
studies. However, IJs are sensitive to UV rays and they are prone to desiccation when they are 
exposed to sunlight or applied in dry environments, as is evident in a recent review by Platt et 
al. (2020). The addition of adjuvants, surfactants (e.g. oil) or humectants (e.g. gels) can prolong 
their persistence in the soil, thereby enabling them to be more effective than they would be 
(Portman et al. 2016). An experiment by Noosidum et al. (2016) showed that the addition of 
0.25% and 0.5% humectant (Barricade) to S. feltiae spray formulations improved efficacy against 
the larvae of Spodoptera litura F., with a mortality of 66.0% and 61.5%, respectively. A 
humectant, which is a good source of moisture for EPNs, serves as a protectant from sunlight 
(Dito et al. 2016). 
Adjuvants 
The addition of adjuvants to formulations is reported to enhance the survival rate of IJs, as they 
aid in the suppression of the microorganism growth, thereby acting as an antimicrobial and 
antifungal agent. The most commonly used adjuvants are organic acids, with such substances 
being used in the food industry as food preservatives, and being safe for the environment, for 
humans and for other higher organisms (Strauch et al. 2000). Of the organic acids (ascorbic acids, 
citric acids, benzoic acid and sorbic acid) that were added as adjuvants to liquid H. indica IJ 
formulations made of phosphate buffer, only ascorbic acid improved the survival of the IJs. 
When dried spices (cinnamon, cloves, rosemary and oregano) were used in a liquid formulation 
made of Ringer’s solution, only the cinnamon and cloves were found to improve the survival of 
the IJs (Strauch et al. 2000). Studies have also shown the adjuvants to improve the efficacy of 
EPNs. For example, when S. yirgalemense suspensions were mixed with adjuvants (Zeba® and 
Nu-Film®) and applied against Planococcus ficus (vine mealybug), the extent of control achieved 
was found to be higher than when no adjuvants were added, with a mortality rate of 84% under 
laboratory conditions and 88% in glasshouse trials, while the mortality rate obtained by the 
control (water only) was 28% and 30%, respectively (Platt et al. 2018).  
Oil emulsions 
When EPNs are formulated in water, evaporation can lead to the formulation drying out and to 
the nematodes involved desiccating. The use of oil in formulations can delay the desiccation rate 
of EPNs, leading to an improved interaction with the targeted insect. Oil, which is a viscous 
liquid, has a much lower evaporation rate than has water, due to its viscosity level (Aquino-
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Bolaños et al. 2019a). When Aquino-Bolaños et al. (2019b) experimented with different oil 
suspensions (Cymbopogon citratus, Pelargonium sp., Juniperus virginiana, Rosa sp. and Mentha 
piperita) in EPN (H. bacteriophora, S. carpocapsae and S. websteri) formulations against adult 
ticks, a combination of 33% J. virginiana oil formulation with S. websteri resulted in 80 to 100% 
control effectiveness 24 h post application. 
Factors affecting the survival of formulated EPN  
For the successful commercialisation of nematodes, it is important to develop a formulation that 
is able to maintain a relatively long shelf life of >3–4 months. Understanding the underlying 
factors influencing the quality of the formulated EPNs is crucial to being able to manipulate 
formulation techniques for the improved survival and longevity of EPNs, as well as for ease of 
transport and application. Different factors affecting the formulation of IJ have been investigated. 
Energy reserves  
Nematodes consist of approximately 60% lipids, which they use as their main energy reserves 
(Selvan et al. 1993). There is a species–to–species difference in the extent of available reserves 
(Grewal and Georgis 1998). In the case of steinernematids, there are generally more lipids 
present than there are in heterorhabditids (Womersley 1990). The amount of stored lipids in the 
IJ has been shown to be determined by the type of artificial media that is used during the culturing 
process of the nematodes (Grewal 2000c). IJs, which are the non-feeding stages of the EPN, 
mainly depend on their stored reserves for purposes of survival and infectivity, with studies 
having indicated a direct proportionality between the amount of energy reserves present and the 
rate of infectivity achieved (Patel and Wright, 1997a,b,c; Patel et al. 1997a,b). 
Desiccation 
During anhydrobiosis, nematodes tend to lose a substantial amount of water. The state in EPNs 
is reversible up to a critical point, which is why the process is known as ‘partial’ anhydrobiosis. 
Anhydrobiosis, through slight desiccation, is reported as being a method that is used to improve 
the longevity of stored nematodes (Barrett 1991). Obtaining long storage periods through 
desiccation enables the slowing down of the metabolism. The above was confirmed by an 
experiment conducted by Grewal (2000b), who compared the shelf life of desiccated nematodes 




The formulated product must be free of any microbial contamination, as contamination tends to 
affect the quality negatively, to degrade the value of the product, and to lead to low efficacy. 
Formulations with high moisture content are prone to microbial contamination (Grewal 2002a). 
Microbial contamination, especially by fungi, can decrease the amount of available oxygen, with 
it competing with the nematodes involved, leading to nematode death. Contamination can also 
be a problem during application, as contaminants can clog spray nozzles. The most commonly 
reported microbial contaminants include bacterial species (Enterobacter cloacae, E. glomerans 
and E. gergoviae), yeast (Candida guilliermondi) and fungi (Penicillum expensum, P. 
chrysogenum and Mucor circinelloides) (Grewal 1998). Although antimicrobial and antifungal 
agents can be used to delay the growth of microbes, they must be used with caution, as they can 
also affect the survival rate of nematodes. Moreover, a species difference is present in terms of 
the degree of sensitivity that is experienced in relation to antimicrobial agents. Steinernema 
feltiae and S. riobrave were found to show increased sensitivity to a commonly used 
antimicrobial agent, ProxelTM (Grewal 2002a). Furthermore, the moisture content of the 
formulation has a drastic effect on the development of the microbial agents involved, as has been 
shown in investigations into water activity (aw) in relation to the longevity and quality of 
formulated EPNs. Kagimu (2018) reported a decrease in the survival rate of S. yirgalemense, due 
to bacterial contamination and toxin production at high water activity values.  
Temperature  
Studies have shown a variation between different EPN species regarding survival and infectivity. 
Recently, Kagimu and Malan (2019) conducted a study on the formulation of three South African 
species, S. yirgalemense, S. jeffreyense and H. bacteriophora. Using diatomaceous earth and 
alginate calcium as formulation media, they tested the survival of EPNs at 6 ℃, 14 ℃ and 25 ℃, 
respectively. The results indicated that storage at 6°C was significantly different in terms of 
survival and infectivity compared to storage at 14 ℃ and 25 ℃ in both formulations, with a 
drastic decline, in terms of the S. yirgalemense, over time. Both EPN species showed a poor 
survival rate and decreased infectivity at low temperatures.  
Another South African-based study by Ramakuwela et al. (2015), on the survival and 
infectivity of the local EPN species Steinernema innovationi Çimen, Lee, Hatting, Hazir & 
Stock, was undertaken at five different storage temperatures (5 ℃, 10 ℃, 1 5℃, 20 ℃ and 25 
℃). The EPNs concerned were stored in an aqueous suspension with 0.1% formalin. The results 
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achieved at 5 ℃ were found to be significantly different when compared to what was achieved 
at other temperatures, 5 ℃ recorded survival rate of 35%, 17% and 13% on days 28, 52 and 84, 
respectively. However, the IJ survival percentage at 15 ℃ was recorded as being the highest. 
Nonetheless, no significant difference in the survival rates were experienced in the case of 20 ℃ 
and 25 ℃ storage temperatures. A study conducted by Strauch et al. (2000) also found that the 
prevailing temperature affects the survival of EPNs. Heterorhabditis bacteriophora and 
Heterorhabditis indica Poinar, Karunakar & David were stored in Ringer’s solution at different 
temperatures, ranging from 5℃ to 25℃. In H. bacteriophora, the best survival temperature was 
found to be 7.5 ℃, with a survival rate of >70% on day 125, while, at 25 ℃, a drastic decrease 
was seen from 25 days of storage, with 100% mortality being present on day 50. Heterorhabditis 
indica survived best at 15 ℃, with at least >40% survival rate on day 85, while, when it was 
stored at 5 ℃, its mortality was found to be 100% on day 25. The above-mentioned studies all 
lead to the conclusion that the storage temperature is important for the survival and infectivity 
of EPNs. 
Previous research studies indicate the cost implications of storing formulation at low 
temperatures, as refrigeration can be expensive, thus leading to the relative cost of the EPN 
formulated product (Westerman 1992; Strauch et al. 2000; Goud et al. 2010). A study conducted 
by Ramakuwela et al. (2015) indicated that the costs of EPNs can be reduced, if, during the time 
of purchase and application, the IJs involved can be raised from refrigerator temperature to room 
temperature. The results that were obtained in the case of S. innovationi showed that, when the 
storage conditions were changed, after being at 15 ℃ for 84 days, with the product then being 
stored at room temperature for two weeks, the rate of infectivity against G. mellonella still 
exceeded 90%.  
Storage and handling  
EPN species have a different temperature tolerance when it comes to storage abilities. Some 
species can be stored at relatively high temperatures and still survive with high infectivity, 
whereas others can only survive when they are stored at low temperatures. Their ability, in the 
above respect, is affected by the origin of nematode isolation, as it has been found that those 
species that have been isolated from the relatively warm areas tend to have a lower cold tolerance 
compared to those that have been isolated from cold localities, with a lower tolerance (Grewal 
2002a). Formulation type can also affect the nematode response to temperatures. Such effect was 
found to be evident in a study conducted by Grewal (2000b), in terms of which the shelf life and 
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infectivity of S. carpocapsae in WG formulation were compared with the same qualities in S. 
carpocapsae that were kept in liquid storage at 25 ℃. The survival stability of the WG 
formulation lasted up to seven months, whereas that of the liquid-stored nematodes lasted only 
up to four months. Although the infectivity against G. mellonella did not differ significantly 
between the IJs that were kept in WG formulation and those that were kept in water for the first 
three months of the experiment, both ultimately resulted in greater than 70% mortality.  
Formulations with induced partial anhydrobiosis tend to have a relatively long shelf life, 
due to their lowered metabolic rate and reserved energy. Nematodes with induced anhydrobiosis 
through desiccation, rather than non-desiccated ones, can withstand temperature extremes, 
therefore offering enhanced stability during handling and transportation (Grewal 2002a). The 
transportation of formulated nematodes requires extra care, as the IJs still need to maintain their 
viability and infectivity during application (Georgis 1990). The temperature maintained during 
transportation should, therefore, always be kept at the point where survival and infectivity are 
not negatively affected. 
Quality assessment  
Quality control is of importance in the production and formulation of EPNs. For the registration 
and commercialisation purposes of the product, the taking of such a step is required (Ravensberg 
2011). For the successful control of insects, IJs have to locate and enter the host, so as to be able 
to release the associated bacteria to infect and kill the host successfully, which is known as the 
infectivity/pathogenicity of the EPNs. Nematode quality assessment is aimed at measuring the 
ability of the nematodes to infect and kill the host. The information that should be conveyed by 
the quality assessment reflects the ability of the IJs to kill the target insect in the field (Kagimu 
et al. 2017).  
The foundation of maintaining high-quality formulated nematodes not only starts during 
formulation. High-quality nematodes are created during the production phase, by means of 
ensuring the use of a suitable medium, bacteria, oxygen levels, and a complete production cycle, 
ending in the production of pure IJs. The focus of quality control should be the maintenance of 
pathogenicity during all the processes (production, formulation and storage) (Grewal 2002a). 
The most popular method of measuring the infectivity of nematodes is that of undertaking insect 
bioassays. The bioassays include one-on-one bioassays, and LC50, establishment efficacy and 
invasion rate assays (Navon et al. 2000). Controversy has emerged regarding bioassays that 
require the use of multiple nematodes against a single host, due to host–parasite interactions, 
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leading some to consider bioassays an inappropriate method of quality control (Grewal et al. 
1999; Hay and Fenlon 1995).  
Various factors must be considered when it comes to the quality of nematodes. For 
example, the longer the storage period, the more likely it is for the rate of infectivity to decrease, 
as, during relatively long storage periods, the nematode’s supply of stored energy depletes. IJs 
depend on their stored energy for their survival and infectivity (Patel et al. 1997b). An important 
factor to consider when assessing nematode quality is the production batch of nematodes, as they 
can differ in quality (Grewal 2000a). The difference in the quality of nematode batches can be 
due to genetic drift in the inoculum used, as well as the age of the inoculum. During packaging, 
the estimation of expiry date is crucial to note, as the viability of the product might decrease over 
time (Grewal 2000a; Kagimu et al. 2017). Such an estimation should assist the end user to know 
when they should expect lowering of the product efficacy concerned. To counteract the problem, 
many companies formulate more than the stipulated amount that is indicated on the packet, so 
as to compensate for any loss that might occur during storage, and so as to ensure that the right 
amount of nematodes are available during application (Kagimu et al. 2017). 
Application technology 
The most common method for the application of EPNs is by means of an aqueous suspension. 
The formulated nematodes are mixed with water, and the WG-, wettable powder- and 
vermiculite-formulated nematodes are usually mixed directly into water. In the case of the 
sponge formulations, the nematodes are simply squeezed out of the sponge. Alginate gel/beads 
cannot dissolve directly in water, but sodium citrate can be added to dissolve the gel (Georgis 
1990). Nematodes generally settle quickly in water suspensions. It is best to shake and mix the 
solution occasionally, so as to ensure the uniform distribution of nematodes and optimum oxygen 
supply during application. (Georgis and Kaya 1998; Grewal and Peters 2005; Shapiro-Ilan et al. 
2006). Applying or spraying the nematodes in the early mornings is recommended, when the soil 
temperature is cool enough not to desiccate them. During the day, the maximum temperature can 
negatively affect the persistence of the nematodes in the field (Shapiro-Ilan et al. 2012).  
Almost all the agronomic equipment designed for the application of chemicals can be used 
to apply EPNs, including (but not limited to) mist blowers and both electrostatic and pressurised 
sprayers (Shapiro-Ilan et al. 2006). Kaya (1990) suggests that the application of EPNs should be 
done immediately after the first sign of the pest population becomes evident. The end-point 
success of pesticides and biological control agents lies in using the most efficient and product-
appropriate application method that will result in successful control strategies. During the 
Stellenbosch University https://scholar.sun.ac.za
21 
application of EPNs, the timing is very important, as their survival is highly affected by both 
biotic and abiotic factors, including mostly desiccation by wind and UV radiation (Gaugler et al. 
1997). Doing the application in the early mornings, or, rather, in the afternoons, is therefore 
recommended for the success of the pest control programmes involved. 
Conclusion  
Exponential growth has occurred in the use of EPNs as a biocontrol agent for insect pests in 
recent years. However, the cost implications pertaining to the production, formulation and 
storage of EPNs play a huge role in establishing the high market value of EPNs. The control of 
insect pests using EPNs, in some cases, may cost 10 to 60% more than chemical control does 
(Smart Jr 1995). To accommodate the full extent of the available market, the production costs 
associated with the production of EPNs need to be reduced. Further research should investigate 
the use of cheaper diets, and ways of shortening the length of production cycles. 
Although significant progress has been made with the mass production of EPNs, the 
development of formulation with a prolonged shelf life is still a limiting factor in most countries, 
South Africa included. Recent studies have focused more on how to develop and improve high- 
quality EPN formulations, with longer storage periods than before, without affecting the extent 
of efficacy. Furthermore, microbial contamination is an important underlying factor affecting 
the development of improved formulation, with additional research being required to focus on 
suppressing the growth of microbial contaminants, as they degrade the formulated product. 
Fungal growth also competes with nematodes for oxygen, leading to a decreased survival 
percentage.  
The biotic and abiotic factors affecting the persistence of nematodes in the field require 
more focus than before, as they can also affect the effectiveness of EPNs, leading to the poor 
control of insects. Also, the laws and legislation governing the use of biological control agents 
should be revised, as, in some cases, they have become stumbling blocks for the 
commercialisation of EPNs.  
Aims and objectives of the study 
The main objective of the current study is to find a suitable formulation of in vitro liquid mass-
cultured nematodes with an improved shelf life 
The objectives of the study are to: 
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1. Review up-to-date information regarding previous research into formulation types and 
the underpinning factors influencing their survival; 
2. Optimise the diatomaceous earth formulation of S. yirgalemense and S. jeffreyense, for 
long-term storage at different temperatures; 
3. Improve the entrapment of encapsulated S. yirgalemense in alginate beads for long-term 
storage at 25 ℃; and 
4. Develop a NemaGel formulation of S. yirgalemense with improved storage and 
application ability. 
The chapters of this study have been written as separate publishable papers, and, therefore, some 
repetition in the different chapters has been unavoidable. The chapters are written according to 
the format of the journal BioControl. 
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Mangegent of pest insects are one of the main challenges of crop production in agriculture. To 
reduce crop losses, most farmers resort to the use of chemical pesticides. However, chemical 
pesticides can negatively affect the environment and lead to the development of insect resistance. 
Therefore, developing biological control agents, like entomopathogenic nematodes (EPNs), 
which can be incorporated into an integrated pest management system, is of major importance. 
However, the large-scale use and commercialisation of EPNs, as biological control agents, is 
impaired by their short shelf life. This study investigated a formulation method that can prolong 
the shelf life of the infective juvenile (IJ), without negatively affecting its infectivity. In vitro 
liquid-cultured IJs of two locally isolated South African species, Steinernema yirgalemense and 
S. jeffreyense, were used to investigate storage stability and infectivity at different temperatures 
over 8 weeks, using a formulation of 1 million IJs/g of diatomaceous earth. To prevent 
contamination, different antimicrobial agents (Nipagin and Procydin) were added to the 
formulation. The agents were first tested on IJs in suspension for any negative effect, before 
being incorporated into the formulation. For both species, the survival and pathogenecity of the 
formulated IJs stored at 14 ℃ were higher than for those that were stored at 25 ℃, and at room 
temperature. The addition of antimicrobial agents prevented contamination, compared to the 
controls.  
Keywords Diatomaceous earth · Entomopathogenic nematodes · Grape seed extract · Nipagin · 






The restricted use of chemical pesticides in the agricultural industry has increased the demand 
for using biological control agents against the insect pests worldwide (Askary and Ahmad 2017). 
Therefore, it is of significance to develop and to use biocontrol agents that are safe for humans 
and the environment, and which can be effectively incorporated into integrated pest management 
(IPM) systems. Entomopathogenic nematodes (EPNs), which are insect-parasitic roundworms 
from the genera Steinernema and Heterorhabditis, can be effectively used as biological control 
agents. However, their effective commercial use is compromised by their short shelf life. The 
two genera have a mutualistic association with the pathogenic bacteria of Xenorhabdus and 
Photorhabdus (Poinar 1990). 
The infective juveniles (IJs) of EPNs penetrate the insect host through natural openings, 
and, once inside the insect, they release their associated bacteria into the haemocoel, leading to 
death within 24 h (Shapiro-Ilan and Gaugler 2002; Lewis and Clarke 2012). The IJs feed on the 
bacterial bioconverted inside of the insect, develop into new stages and reproduce (three 
generations), while keeping the cuticle of the insect intact. When the food is depleted, a new 
cohort, consisting solely of IJs, leaves the cadaver in search of new host insects (Shapiro-Ilan et 
al. 2012). The IJs are the stage of the nematode that is used for formulation. They have the ability 
to persist in the soil for a long period, in a physiological stage specially adapted for survival. In 
the stage, the IJs have a closed mouth and anus and a collapsed digestive system, which results 
in the stage being called a non-feeding stage (Grewal et al. 2002), and which make them suitable 
for formulation and storage for later use. 
In the past few years, European countries have made significant progress with successfully 
mastering the formulation technology for EPNs, with the resultant products having become 
commercialised. However, the status of related EPN research in South Africa is still in its infancy 
with no  suitable EPN products being available on the market, except for those that are imported 
from Kenya and Europe. Nonetheless, the recent studies of Kagimu and Malan (2019) and Dunn 
et al. (2020) report potential success, in terms of the mass-culture and formulation of South 
African endemic species Steinernema yirgalemense Nguyen, Tesfamariam, Gozel, Gaugler and 
Adams and Steinernema jeffreyense Malan, Knoetze and Tiedt. In addition, another study 
conducted by Ramakuwela et al. (2015) has also reported the successful artificial production of 
another endemic South African species, Steinernema innovationi Çimen, Lee, Hatting, Hazir and 
Stock, on sponge.  
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EPNs are commonly stored in aqueous solution, which gives them a survival period lasting 
from six to nine months for the Steinernematids and from three to four months for 
Heterorhabditis (Koppenhöfer 2007; Stock and Goodrich-Blair 2014). However, maintaining 
EPNs stored in aqueous solution is expensive, due to the need to maintain an adequate cooling 
system, as well as for bulk transportation (Chen and Glazer 2005), which results in the storage 
method not being sustainable for the purpose of commercialisation. Current research is focused 
on developing and improving an EPN formulation with heightened stable storage ability at room 
temperature and with increased ease of transportation and application for the end users (Grewal 
et al. 2002; Grzywacz et al. 2014). 
The quality of the formulation is a key factor to be considered when commercialising EPNs 
with the desired shelf life, with high-quality EPN formulation depending on several variables, 
namely the species, the culturing and storage conditions, and, most importantly, the storage 
media used. Formulations with induced anhydrobiosis from a slight desiccation effect, which 
reduces activity, have shown significant success (Bedding 1988; Silver et al. 1995; Grewal 
2000a, b). Diatomaceous earth (DE) has been used in several studies, ranging from granulated 
to pelleted (Cortés-Martínez et al. 2016, 2017) and wettable powdered (Kagimu and Malan 2019) 
formulations. DE, which is a natural insecticide that is derived from diatomite deposits, is used 
for the control of both home and garden pests, due its desiccative effect, with it also being used 
as a protectant of stored products (Quarles 1992). The desiccation ability of DE, and its capability 
to absorb moisture, enables it to be used in formulating microbial insecticides (Behle and 
Birthisel 2014). Furthermore, as the level of toxicity in DE is very low, it is not considered as a 
foreign substance when it is used as a protectant (Quarles 1992), which makes it suitable for use 
in the formulation of EPNs. 
Due to the formulated products consisting of live organisms, EPN formulation has a strong 
tendency to be contaminated by microbial contaminants, especially fungi and bacteria. As a 
result, antimicrobial prevention is a leading factor in terms of sustainable EPN production and 
formulation (Grewal et al. 2002). Although antimicrobial agents can be used in EPN 
formulations to hinder and slow down the growth of fungi and bacteria, they must be carefully 
selected and screened for toxicity, as they can affect the survival and effectivity of the IJs 
(Grewal and Peters 2005). Kagimu et al. (2017) identified moisture content and desiccation as 
being among the main components considered especially in terms of powder and pellet-based 
formulations. High moisture content elevates the rate of growth of microbes in formulations. 
Microbial contamination degrades the quality of EPN-formulated products, and fungal 
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contaminants tend to clog the spay nozzles during application (Grewal et al. 2002). Fungi require 
the presence of oxygen to thrive and grow in formulation and tends to compete for the available 
oxygen with the nematodes, thus affecting their survival percentage which leads to a 
deterioration in their quality (Grewal, 2002a; b). 
Antimicrobials, antioxidants and chelating agents are preservatives that are used in the 
food, drug formulation and cosmetic industries to maintain quality and to extend the longevity 
of the products (Shabir et al. 2006). Nipagin (methyl 4-hydroxybenzoate or methylparaben) is a 
stable and non-volatile (Błędzka et al. 2014) antimicrobial preservative that has been used in 
drug formulations, the food industry, beverages and cosmetics (Lang and Rye 1973; Shabir et al. 
2006 Garrido-Jurado et al. 2011), as well as in formulations of EPNs (Kagimu 2018). Nipagin is 
also commonly used as an antimicrobial agent in insect-rearing media (Roeder et al. 2010; Van 
Dyk 2010; Moore et al. 2014). 
Procydin, which is a potent antioxidant that can eliminate reactive oxygen species, has 
been added to prepared foods to prevent deterioration. The active ingredient of Procydin is a 
grape seed extract (GSE) (grape pomace), which is a by-product that is produced during 
winemaking (Lau and King 2003). Grape seed, when dried and purified, produces a phenolic 
compound-rich extract that is known as GSE, with the extract being reported to show antioxidant, 
antimicrobial and anti-inflammatory properties (Perumalla and Hettiarachchy 2011). The extract 
is sold in almost all pharmacies. No report of antioxidants being tried in terms of antimicrobial 
capabilities in formulations for nematodes has yet been recorded. GSE has mostly been reported 
to be used in the food industry, with it also having been reported to show its antioxidant ability 
in both in vivo and in vitro meat production (Hu et al. 2004; Brannan and Mah 2007). 
In the current study, two local EPN species were formulated using DE. An antimicrobial 
agent and an antioxidant were screened for toxic effects against the nematodes, and they were 
added to the formulations to suppress fungal growth. The formulations were stored at different 
temperatures, while the viability of the formulated infective juveniles (IJs) was determined after 
a course of 8 weeks. 
Materials and methods 
Mass-culture of infective juveniles 
The infective juveniles (IJ) of the two endemic species, S. jeffreyense and S. yirgalemense 
(Nguyen et al. 2004; Malan et al. 2016), were mass-cultured using the technique of Ferreira et 
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al. (2015) and Dunn et al. (2019). The main difference in the culture procedure is the replacement 
of the soya protein source with dried egg yolk. In short, the in vitro culture process adopted was 
as follows: 200 µl of the bacteria associated with each species was inoculated into 30 ml of TSB 
(tryptic soy broth) media in 250-ml Erlenmeyer flasks, and transferred to a junior orbital shaker, 
which was run at 140 rpm for 48 h, and left in a growth chamber at 28 ℃. The 250-ml Erlenmeyer 
flasks containing 30 ml of complex media, after being inoculated with 4% v/v of the bacterial 
culture, were left to grow at 25 ℃ on an open OrbiShaker for 48 h. The Erlenmeyer flasks 
containing the media and bacteria were inoculated with IJs (1000 IJs ml-1) of either S. jeffreyense 
or S. yirgalemense, with the solution then being left to grow and reproduce for 14 days at 140 
rpm. The IJ-containing flasks that were kept on the diet were shaken at 120 rpm in orbital 
shakers, which were held in cold storage (14 ℃) till day 17, after which they were used for 
formulation.  
Concentration of infective juveniles 
The IJs were separated from the medium using a 32-µm sieve (Clear Edge Filtration SA (Pty) 
Ltd, South Africa), and then thoroughly washed with running filtered tap water. The remaining 
water in the paste was removed, using paper towels (SCOTT® KIMDRI*, Bedfordview, South 
Africa). A paste of IJs was then removed from the sieves, with a plastic spoon and into a weighing 
boat, where it was used for formulation. Each Erlenmeyer flask contained approximately 3.5 × 
103 of S. jeffreyense and 7.5 × 103 S. yirgalemense. 
Source of insects 
Mealworms, Tenebrio molitor L. (Coleoptera: Tenebrionidae), were purchased from a local shop 
and maintained in the dark in the entomology laboratory of the Department of Conservation 
Ecology and Entomology, Stellenbosch University. The mealworms that were fed on bran as 
their diet, and were given carrots for moisture, and kept in a container with an aerated lid (Van 
Zyl and Malan 2015). 
Antimicrobial toxicity screening 
Procydin (grape seed extract, sourced from a local pharmacy) and nipagin (Sigma-Aldrich, South 
Africa) were tested for direct toxicity on both nematode species. A 100 ml solution of IJs, with 
a concentration of 1300 IJs/ml, was prepared and the solution was constantly homogenised, with 
1 ml of the nematode solution being suspended in 2-cm-diameter watch glasses, where the IJs 
were left to settle and the top layer of water was siphoned off. Procydin solution or nipagin (1 
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ml), with concentrations 0.25% and 0.5%, was added to a watch glass with nematodes (three 
replicas/concentration). Distilled water with nematodes only was used as a control. The watch 
glasses were placed in large glass Petri dishes with a moistened paper towel between to maintain 
the existing humidity levels and stored at room temperature. After 24 h, the number of live and 
dead IJs were determined under a dissection microscope by means of counting the first 100 
nematodes. 
Formulation of IJs in DE 
The nematode paste of each EPN species was formulated using DE. The formulation method 
followed was adapted from Kagimu and Malan (2019). Procydin and nipagin (0.25%) were 
added to the formulations to prevent, or to delay, the growth microbial contamination. A 
formulation without the addition of an antimicrobial agent was used as the control. The 
formulations were weighed into plastic containers with 10 g each, and the containers were then 
sealed with Parafilm. Plastic containers of each of the species containing the formulated 
nematodes were placed into a bigger container, with the relative humidity levels being 
maintained by the placing of moist paper towels at the bottom of the containers, which were then 
covered with lids. The containers were then stored at three different temperatures, room 
temperature (RT), 14 ℃ and 25 ℃, for a period of 8 weeks. The experiment was repeated, using 
different nematode batches on different test dates, with the same storage conditions being applied 
as are described above.  
The survival of the formulated nematodes was assessed by means of counting the live 
and dead IJs under a stereomicroscope weekly, for a period of 8 weeks. From each set of 
treatments of the formulation, three Petri dishes were counted, by means of dissolving 0.5 g 
formulation in distilled water in a 100-ml measuring cylinder. Of the solution, 200 μl was 
pipetted into a grated Petri dish, and, depending on the concentration, further dilutions were 
made, so as to provide for clear viewing of the formulation under the microscope.  
Quality control of DE-stored nematodes 
IJ infectivity, which is defined as the ability of IJs to kill the host insect, was tested when the 
survival percentage of the formulated IJs reached at least 50%, or when the formulation was 8 
weeks old. The previously described formulation was diluted with distilled water into a 100-ml 
measuring cylinder, with the IJ concentration being adjusted to 100 IJs/50 µl. The diluted 
formulation was used against the larvae of mealworms, using 24-well bioassays plates as the test 
arena. In alternate wells, 12 filter papers were fitted, with one mealworm being added per filter-
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papered well. In each well, the mealworm was inoculated with 100 IJs / 50 µl of distilled water, 
and water only being used as the control. A glass, which was the same size as the lid of the 
bioassay plate, was fitted into the lid to retain the existing moisture and to prevent the escape of 
the mealworms. For each Petri dish, five bioassay plates were used (with each consisting of the 
12 alternating wells) (n = 60), and for each formulation treatment three Petri dishes were used 
for the pathogenicity test (overall per formulation (n = 180)). The plates were then placed in the 
moisture chamber of a plastic container that was lined with moistened paper towels and stored 
in a 25 ℃ growth incubator. After 48 h, the mortality of the mealworms was assessed and 
confirmed by means of the visual colour observation of the mealworms, and it was visually 
confirmed by means of dissection, using a stereomicroscope. The experiment was repeated with 
a fresh batch of nematodes on a different test date, for both the nematode species, with the storage 
conditions remaining the same as those described above. 
Statistical analysis 
Statistical analysis was conducted, using STATISTICA 13.2 software (StatSoft. Inc). If an 
ANOVA of the two different test dates and the treatment showed no significant difference 
between the two experiments, the resultant data was pooled and analysed. Where the results were 
not normally distributed, bootstraps were performed on the data for least significance difference 
(LSD) multiple comparisons. In other instances, the means were separated accordingly by means 
of the Fisher’s least significant difference or the Games-Howell post hoc test.  
Results  
Antimicrobial toxicity screening 
Effect on S. yirgalemense 
No significant difference (p > 0.05) was found in the main effects of treatment and date between 
the two batches of S. yirgalemense, resulting in the data being pooled and analysed. The toxicity 
results for S. yirgalemense after 24 h showed a significant difference (p < 0.01) between 
Procydin, at a concentration of 0.5% for both nipagin concentrations, and the lower Procydin 
concentration of 0.25%. Neither of the concentrations (0.5% and 0.25%) of nipagin differed 
significantly (p > 0.05) from the control, whereas, with Procydin, the higher concentration of 
0.5% differed significantly (p < 0.05) from the control, while the lower concentration of 0.25% 
did not differ from the control (p = 0.243). Nipagin and Procydin percentages with the highest 
survival were 0.25%, with a mean of 85.00% ± 2.66% and 83% ± 2.66 %, respectively (Fig. 2.1). 
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Neither of the concentrations differed significantly (p > 0.05) from the control, enabling them to 
be used in the formulations.  
 
























Fig. 2.1. Mean percentage survival (95% confidence level) of Steinernema yirgalemense 
infective juveniles (IJs) after 24 h in nipagin 0.5% (N – 0.5) and 0.25% (N – 0.25%) and Procydin 
0.5% (P – 0.5) and 0.25% (P – 0.25%) (F4.25 = 16.678; p = 0.005). Means separated by Games-
Howell post hoc test; error; between MSE = 42.413, df = 25.00. Different letters above the bars 
indicate significant differences (p < 0.05) between the treatment concentrations and the 
percentage of nematodes that survived 
Effect on S. jeffreyense 
All the treatments differed differed signifnicantly from the ontrol except for Nipagin at 0.25%. 
Nonetheless both Nipagin and Procydin at 0.25% had higher percentage survival which enabled 





























Fig. 2.2. Mean percentage survival (95% confidence level) of Steinernema jeffreyense infective 
juveniles (IJs) after 24 h in 0.5% and 0.25% nipagin (N – 0.5 and N – 0.25) and Procydin (P – 
0.5 and P – 0.25), respectively (F4, 25 = 12.425; p = 0.001). Means separated by Games-Howell 
post hoc test; error; between MSE = 15.473, df = 25.00. Different letters above the bars indicate 
significant differences (p < 0.05) between the treatment concentrations and the percentage of 
nematode survival 
Formulation of IJs in DE and the effect of temperature and antimicrobial agents 
Survival of S. yirgalemense  
The analysis of data showed no significant difference (p > 0.05) between the two batches for all 
the treatment temperatures, leading to the data being pooled and analysed. No significant 
differences were obtained between the temperatures (repeated measures two-way ANOVA: F14, 
105 = 0.67; p = 0.798) and the antimicrobial addition in terms of the survival of the IJs over the 
period of 8 weeks. 
At RT and 25 ℃ (Fig. 2.3A and C), a gradual decrease was found to occur in the mean 
percentage survival over the 8-week period in relation to all the variables (control, nipagin and 
Procydin), whereas, at 14 ℃, a near-stable result was observed (Fig. 2.3B). At RT, both 
significant (p < 0.05) and non-significant (p > 0.05) difference were found in the survival of the 




differences (p = 0.015) between the treatments (repeated measures ANOVA). Although no 
significant differences (p > 0.05) were found after week 1 between the control, nipagin and  
Procydin, the control had the highest mean survival of 93% ± 3.12%, followed by that of nipagin 
(85% ± 3.12%), and Procydin (82% ± 3.12%). The trend continued until week 3. After weeks 4 
to 6, the control and nipagin did not differ significantly (p > 0.05) from each other, but they did 
differ significantly (p < 0.05) from Procydin. Both the control and the nipagin formulations had 
a higher equal mean percentage survival of 51% ± 0.65% at week 8, whereas the Procydin 

























































































































Fig. 2.3. Mean percentage survival (95% confidence level) of Steinernema yirgalemense 
infective juveniles (IJs) in diatomaceous earth formulation with nipagin and Procydin, at 
different temperatures, A: Room temperature (RT) (F14, 21 =1.61; p = 0.159), B: 14 ℃ (F14, 21 = 
0.50; p = 0.907) and C: 25 ℃ (F14, 21 = 1.81; p = 0.12). Different letters on top of the bars indicate 
significant differences (p < 0.05) between the treatment concentrations and the percentage of 
nematode survival 
The formulations stored at 14 ℃ had a slow decrease, to a near-stable trend, in terms of the 
mean percentage survival obtained for the IJs with all the variables investigated, with the 
differences between the observations being non-significant (p = 0.75) from each other. The 
weekly observation of the treatments did not differ significantly (p = 0.91) over the 8 weeks of 
monitoring the survival of the IJs in DE. At week 1, neither did the control differ significantly 
from the nipagin (p = 0.89) and Procydin (p = 0.27) formulations, respectively, nor did the 
nipagin and the Procydin differ significantly (p = 0.32) from each other. Similar observations 
were made, in terms of which neither did the control differ significantly (p > 0.05) from either 
the nipagin or the Procydin formulations, nor did the nipagin and Procydin formulations differ 
significantly (p > 0.05) from each other, were made in weeks 2 to 3 and 5 to 7, respectively. In 







Procydin, but a significant difference (p = 0.03) was found between the nipagin and the Procydin 
formulations.  
At 25 ℃, the results of week 1 to week 3 and of week 5 to week 7 shared a similar trend, 
in terms of which no significant difference (p > 0.05) was found either between the control and 
nipagin/Procydin, or between the nipagin and Procydin formulations. There were both 
significant (p < 0.05) and non-significant (p > 0.05) differences relating to the formulations 
during weeks 4 and 8. Although the week 4 control differed for both the nipagin (p = 0.24) and 
Procydin (p = 0.24) formulations, a significant (p = 0.03) difference was found between nipagin 
and Procydin formulations. During this week, the highest mean survival percentage was obtained 
for the nipagin formulation (75.5% ± 2.87%), followed by the percentage obtained for the control 
(67.50% ± 2.87%) and then for the Procydin formulation (58.50% ± 2.87%) (Fig. 2.3C). 
Survival of S. jeffreyense  
The analysis of data showed no significant differences (p > 0.05) between the two batches of all 
the treatment temperatures, leading to the data being pooled and analysed in the two-way 
ANOVA. The analysed data, in terms of all the treatments investigated, showed no significant 
difference (p = 0.27) over the period of 8 weeks.  
The results of the room temperature stored formulation from week 1 to week 4 and from 
week 7 to week 8 showed no significant (p > 0.05) difference between the control and the 
formulation with either nipagin or Procydin, nipagin formulations also did not differ significantly 
(p > 0.05) from each other in the weeks mentioned. However, the results for week 5 and 6 were 
different to those that were obtained for the other weeks. In week 5, although the control differed 
significantly (p = 0.01) from the nipagin formulation, it did not differ significantly (p = 0.11) 
from the Procydin formulation. Neither did the nipagin formulation differ significantly (p = 0.27) 
from the Procydin formulation. The formulation with the highest mean survival percentage was 
the control, with 68.00% ± 2.79%, followed by the Procydin and the nipagin, with 62.00% ± 
1.84% and 57.00% ± 1.84%, respectively. In week 6, although the control differed significantly 
from both the nipagin (p = 0.0036) and the Procydin (p = 0.01) formulations, the nipagin and 
Procydin formulations did not differ significantly (p = 0.66) from each other. The formulation 
with the highest mean percentage survival rate was the control, followed by the Procydin and the 

































































































































Fig. 2.4. Mean percentage survival (95% confidence level) of Steinernema jeffreyense infective 
juveniles in diatomaceous earth formulation with nipagin and Procydin at different temperatures, 
room temperature (RT) (F14, 21 = 0.992; p = 0.493), 14 ℃ (F14, 21 = 5.019; p = 0.00049) and 25 
℃ (F14, 21 = 3.826; p = 0.00284). Different letters on the bars indicate significant differences (p 
< 0.05) between the treatment concentrations and the percentage of nematodes to survive 
At 14 ℃, the week 2 to 6 results showed no significant (p > 0.05) differences between 
the control and the formulations with nipagin and Procydin, and neither did the nipagin 
formulations differ significant (p > 0.05) from each other in the mentioned weeks. However, the 
results for week 1, 6 and 7 differed from the rest. After week 1, the control differed significantly 
(p = 0.047) from the nipagin formulation, but it did not differ significantly (p = 0.106) from the 
Procydin formulation. The nipagin formulation did not differ significantly (p = 0.60) from the 
Procydin formulation. The formulation with the highest mean survival percentage was the 
control, with 92.00% ± 0.65%, followed by the Procydin and the nipagin, with 83.50% ± 065% 
and 81.00% ± 0.65%, respectively. In week 7, the control differed significantly (p = 0.47) from 
the nipagin, but not significantly (p = 0.014) from the Procydin; however, the Nipagin and 
Procydin formulations differed significantly (0.005) from each other. The formulation with the 







with 62.00% ± 2.60%, 65.50% ± 2.60% and 47.00% ± 2.60%, respectively. In week 8, although 
no significant difference (p = 0.27) was found between the control and the nipagin, but the 
control differed significantly (p < 0.03) from the Procydin formulation. The nipagin and 
Procydin formulations showed a significant difference (p < 0.0057) between each other. The 
formulation with the highest mean percentage survival rate was that of nipagin (61.00% ± 
3.62%), followed by the control (55.50% ± 2.96%), and then by the Procydin formulation 
(43.00% ± 2.96%) (Fig. 2.4C). 
 
At 25 ℃, the weeks 1 to 5 results showed no significant (p > 0.05) differences between 
the control and the formulation with either nipagin or Procydin, nor did the nipagin formulations 
differ significantly (p > 0.05) from each other in the weeks mentioned. However, from week 6 
to week 8, both significant (p < 0.05) and non-significant differences (p > 0.05) were observed 
in terms of the treatments. In week 6 to week 8, the control significantly differed from the nipagin 
(p < 0.05), but not from the Procydin (p = 0.18), formulations. The nipagin and Procydin 
formulations differed significantly (p < 0.05) from each other. After week 6, the formulation 
with the highest mean percentage survival was found to be nipagin (62.50% ± 8.01%), followed 
by the control (43.00% ± 8.01%), and then by the Procydin (30.50% ± 8.01%) formulation. The 
percentage survival deteriorated sharply during weeks 7 and 8, especially for both the nipagin 
and the Procydin formulations, with the percentage mean survival rate being found to be as low 
as below 20% (Fig. 2.4B). 
Quality control of stored nematodes 
Pathogenicity of S. yirgalemense IJs formulated in DE 
No significant difference was obtained between the two batches on different dates (p > 0.05), 
enabling the data to be pooled prior to the analysis. The RT experiments differed significantly 
(p < 0.001) from the formulations stored at 14 ℃, but not significantly (p = 0.44) from those 
stored at 25 ℃.  
At RT, all the variables were found to be significantly (p < 0.05) different from each 
other in terms of the percentage mortality of T. molitor. The control formulations caused the 
highest mean percentage mortality of T. molitor, of 95.00% ± 4.30%, followed by that of the 







































Fig. 2.5. Mean percentage mortality (95% confidence level) of Tenebrio molitor, inoculated with 
Steinernema yirgalemense infective juveniles formulated in diatomaceous earth formulation 
without antimicrobial agent (control), and with antimicrobial agents (nipagin and Procydin) 
stored at different temperatures (RT, 14 ℃ and 25 ℃) (F4, 72 = 5.895; p < 0.01). Different letters 
on top of the bars indicate significant differences (p < 0.05) between the treatment concentrations 
and the percentage of T. molitor mortality 
 
At 14 ℃, the formulations without antimicrobial agents (the control) and with nipagin 
did not differ significantly (p = 0.27) from each other, but they did differ significantly (p < 0.001) 
from the formulations with Procydin. The control formulations caused the highest mean 
percentage mortality of T. molitor of 96.67% ± 4.30%, followed by that of the nipagin and 
Procydin controls, with 92.50% ± 6.15% and 55.83% ± 6.86%, respectively (Fig. 2.5). 
At 25 ℃, all of the variables were found to be significantly (p < 0.05) different from each 
other in terms of the percentage mortality of T. molitor. The control formulations caused the 
highest mean percentage mortality of T. molitor of 97.50% ± 4.03%, followed by that of the 




Pathogenicity of S. jeffreyense IJs formulated in DE 
No significant difference was obtained between the two batches (p > 0.05), enabling the data to 
be pooled prior to the analysis. The RT differed significantly for the formulations stored at 14 ℃ 
(p < 0.001) and at 25 ℃ (p < 0.001), but those that were stored at 14 ℃ did not differ significantly 
(p = 0.56) from that of those that were stored at 25 ℃.  
  At all storage temperatures, the control did not differ significantly (p > 0.05) from the 
nipagin formulation, but it did differ significantly (p < 0.05) from the Procydin formulation in 
terms of the percentage mortality of mealworms. The control formulation caused the highest 
mean percentage mortality of mealworms at all temperatures (RT, 14 ℃ and 25 ℃ ) with 92.50% 
± 8.286%, 77.50% ± 9.66% and 77.50% ± 9.66%, followed by 85.83% ± 8.83%, 72.5% ± 14.19% 
and 74.17% ± 14.93% for the nipagin formulation and 60.0% ± 7.66% , 60.83% ± 14.72% and 



































Fig. 2.6. Mean percentage (95% confidence level) mortality of Tenebrio molitor inoculated with 
Steinernema jeffreyense formulated in diatomaceous earth formulation without antimicrobial 
agent (control), and with antimicrobial agents (nipagin and Procydin) stored at different 
temperatures (RT, 14 ℃ and 25 ℃). Different letter on the bars indicate significant differences 





The microbial contamination of nematode formulations is among several factors affecting the 
shelf life of stored formulations, thus limiting the successful commercialisation of EPN 
application. Adding antimicrobial agents when formulating EPNs is important, as the growth of 
microbes tends to shorten their shelf file, due to them competing for the available amount of 
oxygen that is available in the formulations. The other disadvantages of the presence of microbes 
in formulation are their poor quality and the possibility of fungi clogging the spay nozzles, 
rendering the product unsuitable for commercial use. 
Although the use of antimicrobial agents may slow down the growth rate of microbes to 
some extent, they must be carefully selected and screened for toxicity, as they can affect the 
survival and effectivity of IJs. Therefore, it is highly recommended to first test for their toxicity 
against the species to be formulated before adding them to the formulations. The results from the 
study show that both 0.25% and 0.5% nipagin have no effect on the viability of S. yirgalemense 
IJs, as the concentrations did not differ significantly when they were compared with the control 
(IJs in water alone). However, when the same concentrations were tested for toxicity against S. 
jeffreyense, a slight difference was noted when they were compared with the control, although 
the percentage survival was still high. The concentration of 0.5% differed significantly from the 
control. The results show that a species difference is discernible in the response to nipagin, as S. 
yirgalemense was clearly more tolerant of a higher concentration of nipagin, compared with S. 
jeffreyense. Kagimu and Malan (2019) also reported that nipagin neither affects the viability of 
S. yirgalemense nor their pathogenic effect against the Galleria larvae, with all the 
concentrations ranging from 0.01% to 10%. Such a finding leads to the conclusion that S. 
yirgalemense has better tolerance against nipagin than does S. jeffreyense. No previous studies 
had yet been done on the tolerance of S. jeffreyense for nipagin. However, an experiment 
conducted by Kermarrec and Mauléon (1989) shows that Steinernema carpocapsae (Weiser 
1955) Wouts, Mráček, Gerdin, Bedding was negatively affected by the presence of nipagin, with 
low pathogenicity against the sugar cane borer and Galleria mellonella L. (Lepidoptera: 
Pyralidae) being reported. 
Procydin (grape seed extract), which is known to eliminate reactive oxygen species, is 
reported to show the properties of being an antioxidant, as well as of being antimicrobial and 
anti-inflammatory in nature (Perumalla and Hettiarachchy 2011). Having been used in different 
industries to inhibit bacterial, fungal and protozoal growth, in the present study it was used to 
inhibit fungal growth in DE formulation, for which its use had not previously been recorded. 
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When 0.25% and 0.5% of Procydin were tested for toxicity on both S. yirgalemense and S. 
jeffreyense, a similar trend was observed. In both species, the higher concentration significantly 
differed in its effect from the lower concentration. In the case of S. yirgalemense, the higher 
concentration had a 60% survival rate, whereas the lower concentration had 82% survival. For 
S. jeffreyense, the higher concentration had a 67% survival rate, whereas the lower concentration 
had a 78% concentration rate. The results from the current study indicate that the tolerance levels 
of S. yirgalemense are better than are those of S. jeffreyense against the antimicrobial agents 
used.  
DE is a naturally occurring powder of sedimentary rock, consisting of a fine white 
powder of varied particle size. It is used in the agricultural industry as an insecticide, due to its 
desiccation ability. Kagimu et al. (2017) reported the advantages of using DE in formulations, 
including ease of application. When diluted, applications can be administered during irrigation, 
using the already available farm irrigation systems, with there being no need for specialised 
equipment. In the current study, DE was used to store and measure the survival ability and 
pathogenecity of both S. yirgalemense and S. jeffreyense over a period of 8 weeks. The results 
obtained in the study clearly indicate that temperature plays a significant role in the survival of 
EPNs. Wettable powder formulations are prone to microbial contamination, leading to the two 
different antimicrobial agents being added to inhibit the growth of the microbes. The results 
clearly indicate that, even though the addition of the agents succeeded to some extent, they 
negatively affected the survival rate of the EPNs, as well as resulting in the loss of virulence 
when their formulation was compared to those without additional antimicrobial agents.  
In the present study, as much as temperature was found to play a significant role in the 
survival of the formulated IJs, the factor was overpowered by the role of the added antimicrobial 
agents. With both species formulations, the highest survival rate was maintained at 14 ℃. The 
formulations with nipagin that were stored at 25 ℃, and at room temperature, developed fungal 
growth from week 4 onwards with S. jeffreyense, and from week 6 onwards with S. yirgalemense, 
resulting in a lowered shelf life. Although the nipagin did not inhibit the fungal growth in the 
formulations stored at RT and at 25 ℃, it maintained a high survival rate of IJs in comparison to 
Procydin, which might indicate how effective Procydin is as an antimicrobial agent, in that, to 
some extent, it lowers the survival rate of IJs over time. Kagimu and Malan (2019) obtained 
similar results in terms of 14 ℃ being the best storage temperature for both of the species 
involved. Another South African-based study that mentioned the significant role played by 
temperature in the survival and infectivity of stored IJs is that of Ramakuwela et al. (2015). 
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Although they used a different storage media (a liquid) and a different species, Steinernema 
innovationi Çimen, Lee, Hatting, Hazir and Stock, they found that, of all the storage temperatures 
(5 ℃, 10 ℃, 15 ℃, 20 ℃ and 25 ℃) that were tested, the IJs that were stored at 15 ℃ maintained 
the highest percentage survival.  
Both temperature and antimicrobial agents were found to affect both S. yirgalemense and 
S. jeffreyense, with regard to the percentage mortality against T. molitor. The present data for S. 
yirgalemense shows that the formulation that was stored at 14 ℃ had the highest percentage 
mortality of T. molitor, as compared to the formulations that were stored at 25 ℃ and RT. The 
high mortality caused by S. yirgalemense-formulated IJs recorded in the current study resembles 
that reported by Kagimu and Malan (2019), as both of the studies obtained over 80% mortality, 
even though G. mellonella was used, and despite the experiments being conducted during 
different weeks post-formulation. In contrast, the overall percentage mortality of T. molitor at 
25 ℃ was 74%, which did not correlate with what was obtained by Kagimu and Malan (2019), 
as they reported 90% mortality under similar conditions. However, their finding might have been 
due to the time pathogenicity tests that were carried out, as the pathogenecity of IJs dwindles 
over time. In the current study, pathogenicity tests were carried out 8 weeks post-formulation, 
while in the other study, pathogenicity tests were carried out 4 weeks post-formulation.  
The pathogenicity results obtained for S. jeffreyense were slightly different from those 
that were obtained for S. yirgalemense. As with S. jeffreyense, the temperature at which the 
highest percentage survival obtained was RT, whereas with S. yirgalemense, it was 14 ℃. The 
present data show that there is a species difference in how storage temperature affects the 
virulence of IJs. The results do not correlate with those that were obtained by Kagimu and Malan 
(2019), as the researchers did not report the loss of virulence using their S. jeffreyense bead 
formulation stored at 25 ℃. Therefore, according to the current results obtained, the best storage 
temperature for the S. yirgalemense formulation is 14 ℃, with that for the S. jeffreyense 
formulation being RT.  
Although the presence of Procydin managed to slow down the fungal growth in both the 
S. yirgalemense and the S. jeffreyense formulations, as compared to in the nipagin formulations, 
their mortality rates against T. molitor were found to be lower than were those that were obtained 
for the control and nipagin formulations. The ability of Procydin to inhibit microbial growth 
negatively affects the pathogenecity of IJs in DE formulations. The percentage mortality of 
formulations with Procydin was found to be lower than that of formulations with nipagin for 
both the species involved. Additionally, no correlation existed between the toxicity and the 
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pathogenicity of the species concerned in terms of the antimicrobial agents, as the relationships 
were inversely proportional. Steinernema yirgalemense clearly tolerated Procydin, whereas the 
formulations containing Procydin negatively affected the species’ pathogenecity.  
Even though Procydin managed to inhibit the growth of fungi for the entire period of 8 
weeks, it lowered the survival rate of both of the IJs of the investigated nematodes in the DE 
formulations, and it had low pathogenic effect against T. molitor. It is, thus, recommended that 
further research be conducted using lower concentrations of Procydin in the formulations. It is 
also recommended that higher nipagin concentrations be tested. Further research should 
investigate what element of the formulations can be adjusted to help maintain its viability at 
room temperature, or at 25 ℃, as such a temperature would be more suitable for farmers because 
it would circumvent the need for low-temperature storage. 
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Formulation of Steinernema yirgalemense by entrapment in alginate beads 
Abstract 
The large-scale use and commercialisation of entomopathogenic nematodes (EPNs) as biological 
control agents is impaired by their short shelf life. Developing a preservation method that can 
improve their storage, without negatively affecting their infectivity against the target pest insects, 
is, therefore, of key importance. Steinernema yirgalemense infective juveniles (IJs) were 
formulated in sodium alginate to improve their entrapment and storage capability. To improve 
the entrapment levels inside the beads, 2% and 4% sodium alginate, 0.5% and 2% calcium 
chloride (CaCl2), with a hardening time of 20 and 60 min, were investigated. The beads were 
stored at 25 ℃  and monitored weekly, for the number of IJs escaping for a period of 6 weeks. 
The disintegration of the beads in soil and the pathogenicity of IJs were investigated after 6 
weeks using Tenebrio molitor as the trapping host. The highest number of IJs that escaped from 
the beads occurred with the treatment of 2% sodium alginate and 0.5% CaCl2, with a hardening 
time of 60 min, and with a mean of 127 ± 11 escaped nematodes. The treatment with the least 
number of nematodes escaped after 6 weeks was 4% sodium alginate, 2% CaCl2, 20 min 
hardening time, with a mean of 33 ± 16 escaped nematodes. None of the treatments negatively 
affected the infectivity of T. molitor. The beads applied to orchard soil successfully infected the 
mealworms, and disintegration took place after 2 weeks. Alginate concentration was found to be 
the most important factor in preventing the IJs from escaping from the beads. 






The entomopathogenic nematodes (EPNs) of the genera Steinernema and Heterorhabditis 
(Grewal 2002) have a symbiotic relationship with the bacteria of Xenorhabdus and 
Photorhabdus respectively (Poinar 1990). The EPNs are biological control agents that have been 
successfully used to control insect pests worldwide (Grewal 2002). EPNs are safe for the 
environment, as well as for humans (Shapiro-Ilan and Gaugler 2002), and can be mass-cultured 
both in vitro and in vivo (Ehlers et al. 1998). After penetrating the insect through its natural 
openings, the infective juveniles (IJs) of EPNs release their associated bacteria into the 
haemocoel of the insect (Ehlers 2001). The presence of the bacterial toxins, combined with those 
excreted by the nematodes themselves, lead to rapid insect death within 24 h to 48 h (Lewis and 
Clarke 2012; Lu et al. 2017). The IJs inside the insect feed on the bacterial bioconverted insect, 
growing into adults and reproduce, keeping the cuticle of the insect intact. When the food in the 
insect is depleted after one to three generations inside the insect (depending on its size), they 
leave the cadaver as a new cohort of infective juveniles (IJs), in search of a host insect to infect 
(Stock 2015).  
Although formulation is the last, but very important, step in the successful 
commercialisation of EPNs as biocontrol agents, their short shelf life is a major challenge 
hampering their use. The degree of success obtained in the commercialisation of formulated 
EPNs depends on the extent of storage stability and infectivity attained.  Recent studies have 
been therefore focused on advancing and improving the formulations involved, so as to enable 
the prolonged storage of the IJs, without negatively affecting their longevity and virulence 
(Shapiro-Ilan et al. 2012; Grzywacz et al. 2014; Ruiz-Vega 2018). The important components to 
consider when deciding on the formulation technique to be used are handling, transportation, 
application, persistence and storage. Regardless of the limitations on, and the challenges to, EPN 
survival in formulation, the improvement of formulation techniques is bound to enhance the EPN 
survival rate, to ease transportation problems and to improve application (Perry et al. 2012). 
The short shelf life of EPNs has always been a factor negatively affecting their use. As the 
IJs depend on energy reserves, reducing their metabolic rate influences their activity levels, thus 
prolonging their shelf life and improving their viability (Qiu et al. 2000; Chen and Glazer 2005). 
Chen and Glazer (2005) mention two main steps that can be taken to improve and enhance the 
shelf life of IJs, namely physical trapping and their partial anhydrobiosis. Previously, 
investigation has been undertaken into using different types of trapping mechanisms (Georgis 
1990; Grewal 1998), Chen and Glazer (2005) mentioned the use of glycerol and calcium alginate 
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as promising. Furthermore, glycerol improves the shelf life of IJs, by inducing their dormancy, 
resulting from the degree of osmotic pressure exerted, and leading to their improved adaptability 
to environmental stress (Chen et al. 2000; Glazer and Salame 2000). In fact, the shelf life of IJs 
is extended, due to the desiccative effect that is achieved when the formulation uses beads and/or 
capsules (Navon et al. 2002). To commercialise and expand the use of EPNs as biological control 
agents for the successful control of pest insects, certain research has come to focus on developing 
formulations that are cost-effective, that have an increased room temperature stability and that 
are relatively simple in terms of transportation requirements and easy application in fields or 
greenhouses (Grewal 2000; Grzywacz et al. 2014), as well as having high infectivity against the 
targeted pest insect, and improved field persistence (Grewal 2000; Shapiro-llan et al. 2012). 
Navon et al. (2002) mention that formulations that contain such gelling materials as sodium and 
calcium alginate correlate with the above-mentioned requirements, as they provide EPNs that 
are trapped in a hydrophilic environment that positively contributes to the prevention, or, at least, 
to the delayed desiccation, of the EPNs, thereby improving their survival rate. The use of alginate 
in formulating the EPNs contributes to improving their shelf life stability (Vemmer and Patel 
2013), as the biomaterials from the alginate are used for tissue regeneration (Szekalska et al. 
2016).  
The method of entrapping IJs in sodium and calcium alginate was developed with the aim 
of protecting the IJs from both ultraviolet light (UV) and desiccation (Navon et al. 2002), thereby 
improving the shelf life of EPNs. Using such a method should also have a slow- release effect, 
as the nematodes tend to escape, over time, from the beads. However, the EPN formulation is 
still undergoing improvement, as, among others, the challenge of the escaping of the IJs from 
the soft, unrefrigerated beads, within a few days, has been reported in studies conducted by 
Hiltpold et al. (2012) and Kim et al. (2015), thus limiting the long-term storage using this type 
of formulation. Ideally, IJs should be retained inside the beads until they are required for use and 
they are able to maintain high viability at room temperature storage condition, at least for a few 
months (Kim et al. 2015). Recently, Kagimu and Malan (2019) reported only 10% to 20% of 
nematodes escaping from the alginate beads at 25 ℃ during a 4-week storage period, which is 
regarded as a relatively low percentage, indicating an improvement in room temperature long-
term stability. 
In this study, the endemic EPN species was formulated in sodium alginate beads, so as to 
improve the entrapment and shelf life of the IJs for long-term storage at 25 ℃. The method was 
accomplished by determining the effect of different sodium alginate concentrations and of the 
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hardening time on preventing the IJs escaping from the beads. Furthermore, the study also 
investigated the rate of escape and the infection of the nematodes from the beads, and the beads’ 
integration duration, when broadcast on natural soil. 
Materials and methods 
Origin of the insect host 
The mealworm Tenebrio molitor L. (Coleoptera: Tenebrionidae), which was used for the 
pathogenicity tests and for the soil experiments, was purchased from a local shop and maintained 
in the dark, at the Department of Conservation Ecology and Entomology, Stellenbosch 
University. Bran and carrots were added as a food source and for moisture, and the mealworms 
were kept in a container with an aerated lid (Van Zyl and Malan 2015). 
Mass-culture and concentration of infective juveniles  
The South African isolate species, Steinernema yirgalemense Nguyen, Tesfamariam, Gozel, 
Gaugler & Adams (Nguyen et al. 2004; Malan et al. 2011), was used in this study. The nematodes 
were mass-cultured in Erlenmeyer flasks, using a combined technique of Ferreira et al. (2015) 
and Dunn et al. (2019), which should be referred to for more detail. In short, the bacteria 
associated with the species was cultured, by means of adding 200 µl of stored (-80 ℃ in 15% v/v 
glycerol) Xenorhabdus indica Somvanshi, Lang, Ganguly, Swiderski, Saxena & Stackebrandt to 
30 ml of tryptic soy broth (TSB) in 250-ml Erlenmeyer flasks. The flasks were shaken in a junior 
orbital shaker at 140 rpm for 48 h, in a 28 ℃ growth incubator. Bacterial cultures (4% v/v) were 
then inoculated into 250-ml Erlenmeyer flasks containing a complex medium, consisting of 30 
ml of dried egg yolk as the protein source, and left to grow at 25 ℃ on an open OrbiShaker for 
48 h. Erlenmeyer flasks containing the media and bacteria were inoculated with IJs (1 000 IJs 
ml-1) of S. yirgalemense, which were left to grow and reproduce for 14 days at 140 rpm. The 
inoculum used, which was from previous cultures, was stored on orbital shakers at 14 ℃. The 
culture flasks containing the IJs were moved to cold storage (14 ℃) on day 17 for formulation. 
The IJs were harvested from one flask at a time, using a 32-µm sieve (Clear Edge Filtration 
SA (Pty) Ltd, South Africa), and washed with clean running tap water. The remaining water 
below the sieve was dried off with paper towels (SCOTT® KIMDRI*, Bedfordview, South 
Africa) and the IJ paste was scooped up with a plastic spoon into a container for further use. 
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Encapsulation of infective juveniles 
IJs were encapsulated by means of modifying the ionic gelation method of Kagimu and Malan 
(2019) and Kim et al. (2015) at room temperature. Different concentrations of sodium alginate, 
calcium chloride (CaCl2) and hardening periods were used to measure the escape of nematodes 
from the beads (Table 3.1). Two solutions were utilised for this experiment, with the first being 
a 20 ml alginate solution containing 2% to 4% sodium alginate (FMC Biopolymer, Cape Town, 
South Africa), 10% glycerol, 0.075% formaldehyde, Moir’s red or green food colouring and 50 
000 IJs ml-2 in distilled water. The second solution, consisting of 20 ml Ca2+ solution, contained 
0.5% or 2% calcium chloride (CaCl2) (Merck SA (Pty) Ltd, 10% glycerol, 0.075% formaldehyde 
in distilled water. Droplets of alginate solution (with the nematodes) were dripped using a glass- 
graduated pipette dropper, into Ca2+, which immediately resulted in beads forming. The Ca2+ 
was shaken with an orbital shaker (Benchmark’s ORBI-SHAKERTM JR) at 120 rpm for 20 or 
60 min to prevent the beads from sticking together. The beads were then removed from the 
solution, rinsed thoroughly with distilled water and dried on paper towels. After packaging the 
beads in Petri dishes sealed with Parafilm, they were stored at 25 ℃ in an incubator. The survival 
and escape of the IJs was monitored weekly for 6 weeks. 
Sodium alginate concentration 
Two concentrations of sodium alginate were tested at two different hardening times for bead 
forming, on the escape and survival of nematodes from the beads. The following concentrations 
were used: 2% sodium alginate with 0.5% CaCl2 for 20 min for treatment 1 (T1), and for 60 min 
for treatment 2 (T2), as well as with 2% CaCl2 for 20 min for treatment 3 (T3), and for 60 min 
for treatment 4 (T4). A 4% sodium alginate concentration was used with 0.5% CaCl2 for 
treatment 5 (T5) for 20 min, and for 60 min for treatment 6 (T6), as well as with 2% CaCl2 for 
20 min for treatment 3 (T7), and for 60 min for treatment 4 (T8) (Table 3.1). 
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Table 3.1. Concentration of sodium alginate, calcium chloride and hardening time (min) used to 
measure the escape of IJs from the beads 
Formulation T1 T2 T3 T4 T5 T6 T7 T8 
Alginate (%) 2 2 2 2 4 4 4 4 
CaCl2 (%) 0.5 0.5 2 2 0.5 0.5 2 2 
Hardening time 
(min) 
20 60 20 60 20 60 20 60 
 
Survival in, and the escape of IJs from, the alginate beads 
The survival and escape of S. yirgalemense formulated in alginate beads was monitored weekly 
for 6 weeks. Three alginate beads, previously described, were either crushed with a disposable 
tissue grinder pestle (Axygen®, Axygen Biosciences, Union City, USA) in a 1.5-ml micro-
centrifuge tube, or dissolved in 0.5% citric acid (Chen and Glazer 2005). To determine the 
survival rate, the number of both the dead and the live IJs was counted and compared to that 
which was obtained on the first day of formulation. The escape of the IJs from the beads was 
also determined by means of comparing the number of IJs in the beads with the number of IJs 
that were present on the day of formulation. 
Quality control of beaded infected juveniles 
The infectivity of the encapsulated IJs after 6 weeks was tested using the larvae of mealworms. 
The alginate beads, as was previously described, were dissolved in 0.5% citric acid, whereupon 
the number of live IJs was counted and their concentrations adjusted to 100 IJs/50 µl. The 
infectivity bioassays were performed using mealworms in 24-well bioassay plates. Filter papers 
were fitted in 12 alternate wells of the 24-well bioassay plates, with a mealworm being added to 
each well, which was then inoculated with 100 IJs in 50 µl of citric acid distilled water. Distilled 
water only was used as a control. To prevent the escape of the mealworms from the bioassay 
plates and to maintain the existing moisture levels, a glass of the same size of the bioassay plate 
was fitted into the lids. Five bioassay plates were used per treatment. The plates were placed in 
plastic containers lined with moistened paper towels and stored in a 25 ℃ incubator for 48 h, 
with the mortality of the mealworms being assessed and confirmed through the visual colour 
observation of mealworms, and by means of dissection, using a stereo microscope (LEICA 
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MZ75). The experiment was repeated twice with a different nematode batch on a different test 
date. 
Soil experiments 
The soil used for the current study was obtained from the experimental farm at Stellenbosch 
University, South Africa. The soil was sieved with a 250-µm sieve to remove stones and root 
residues. The soil experiments were carried out in plastic containers containing 100 g sieved soil 
(n = 5). After spraying distilled water into the soil to obtain optimum soil moisture content, 10 
mealworms and 50 alginate beads were added per plastic container. The containers were then 
closed with lids and stored in a 25 ⁰C incubator. The control container consisted of only soil and 
mealworms. The disintegration of beads into the soil and the mortality of the mealworms was 
monitored daily. To confirm whether the mortality of mealworms was due to the IJs, the 
mealworms were dissected, using a stereo microscope so as to be able to observe the nematodes 
inside the cadaver visually. The experiment was repeated twice on different test dates. 
Statistical analysis 
Statistical analyses were conducted using STATISTICA 13.2 software (StatSoft. Inc). If an 
ANOVA conducted on the two different test dates showed no significant difference between the 
two experiments, the resultant data were pooled and analysed. Where the results were not 
normally distributed, bootstraps were performed on the data to obtain least significant difference 
(LSD) multiple comparisons. In other instances, the means were, accordingly, separated by 
means of the conducting of Fisher’s least significant difference, or the Games-Howell post hoc, 
test. 
Results  
Behaviour of S. yirgalemense IJs in alginate beads  
Most of the IJs, which were in the centre of the beads, formed aggregations, while some remained 




Fig. 3.1. Steinernema yirgalemense infective juveniles (IJs) aggregated in the centre of alginate 
beads 
 
Survival in, and escape from, the alginate beads  
Steinernema yirgalemense beads using 2% sodium alginate  
Analysis of the data with all the beads containing 2% sodium alginate, with different CaCl2 
concentrations and two hardening times, showed no significant difference (F 15.120 = 8.715, p < 
0.01) between the two batches and the test dates, thus allowing for pooling of the data and for 
the response variable to be tested against the treatment, using a one-way ANOVA. Since the 
escaping of IJs required analysis over a number of weeks, a two-way ANOVA was conducted, 
with the treatments and the number of weeks involved as the main effects, with a significant 
difference (F 5, 240 = 113.395, p < 0.01) being obtained. A drastic increase occurred in terms of 
the mean number of nematodes moving out of the beads from week 5 in both T1 and T2, with, 
in week 4, the mean number of IJs escaping being 39.83 ± 10.49 and 25.33 ± 8.17, whereas, in 
week 5 98.33 ± 8.06 and 104.33 ± 19.27, respectively, escaped (Fig. 3.1). Treatment 1 did not 
differ significantly from T2 at week 5 (p = 0.30). On the overall treatments analysis, neither T1 













































 T1 20 min (0.5 % CaCl2)
 T2 60 min (0.5 % CaCl2)
 T3 20 min (2.0 % CaCl2)
 T4 60 min (2.0 % CaCl2)
 
Fig. 3.2. Mean number of S. yirgalemense infective juveniles (IJs) (95% confidence level) that 
escaped from the alginate beads over a period of six weeks, using a concentration of 2% sodium 
alginate for all treatments, with 0.5% CaCl2 for 20 min for treatment 1 (T1) and for 60 min for 
treatment 2 (T2) and with 2% CaCl2 for 20 min for treatment 3 (T3) and for 60 min for treatment 
4 (T4) (F 15, 120 = 8.715, p < 0.01). Different letters above the bars indicate significant differences 
(p < 0.05) between the different weeks and the number of nematodes that escaped from the beads 
 
Steinernema yirgalemense beads using 4% sodium alginate  
Analysis of the data with all the beads containing 4% sodium alginate, with different CaCl2 
concentrations and two hardening times, showed no significant difference (F 15.120 = 8.715, p < 
0.01) recorded between the two batches and the test dates, thus allowing for pooling of the data 
and for the response variable to be tested against the treatment, using a one-way ANOVA. Since 
the escaping of IJs required analysis over a number of weeks, a two-way ANOVA was 
conducted, with the treatments and the number of weeks involved as the main effects, with a 
significant difference (F 5, 240 = 113.395, p < 0.01) being obtained (Fig. 3.3).  
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 T5 20 min (0.5 CaCl2)
 T6 60 min (0.5 CaCl2)
 T7 20 min (2.0 CaCl2)
 T8 60 min(2.0 CaCl2)
 
Fig. 3.3. Mean number of S. yirgalemense infective juveniles (95% confidence level) that 
escaped from the alginate beads over a period of 6 weeks, using a concentration of 4% sodium 
alginate for all treatments, with 0.5% CaCl2 for 20 min for treatment 5 (T5) and for 60 min for 
treatment 6 (T6) and with 2% CaCl2 for treatment 7 (T7) for 20 min and for 60 min for treatment 
4 (F 15, 120 = 1.159, p < 0.31). Different letters above the bars indicate significant differences 
between the different weeks and the number of nematodes that escaped from the beads 
 
In week 1, no treatment differed significantly from another (p > 0.05). The highest mean 
number of 15.00 IJs was recorded for T8, followed by the mean numbers of 12.00, 6.50 and 5.50, 
obtained for T7, T5 and T6, respectively. The number of IJs that escaped in week 2 did not differ 
significantly (p = 0.73) from that of week 3, and the results obtained in week 3 did not differ 
significantly (p = 0.09) from those of week 4. Although the results obtained in week 4 did not 
differ significantly (p = 0.13) from those that were obtained in week 5, they did differ 
significantly (p = 0.0016) from those obtained in week 6. In the last week of the experiment 
(week 6), none of the treatments was found to differ significantly (p > 0.05) from another. The 
highest mean number of IJs to escape were recorded in T5 (45.50 ± 18.99), followed by in T6 
(38.50 ± 6.02), T8 (34.83 ± 11.02) and T7 (32.67 ± 15.99) (Fig 3.3).  
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Quality control of beaded infected juveniles 
As no significant difference was obtained between the two batches (F9, 90 = 107.72, p < 0.01) in 
terms of the main effects of the treatments and the time involved, the data obtained were pooled 
and analysed, using a one-way ANOVA. The analysis was done for the percentage infectivity 
obtained over the course of six weeks in terms of the number of encapsulated IJs against 
mealworms. The evaluation of the infectivity of mealworms indicated no significant difference 
among the treatments. All eight treatments tested, did not differ significantly from each other (p 
> 0.05). Although no differences occurred between the means, there was significant difference 
from the control (Fig. 3.4). Treatment 5 caused the highest mean mortality percentage of T. 
molitor L. of 90.00% ± 10.24%. The lowest mean mortality percentage within the treatments 
was obtained for T6, with 80.83% ± 11.15%. 



























Fig. 3.4. Mean percentage (95% confidence level) of infected T. molitor L. inoculated with 
infective juveniles of S. yirgalemense, formulated in alginate beads and stored at 25 ℃ for six 
weeks (F9, 90 = 107.72, p < 0.01). Means separated by Games-Howell post host; Error: Between 
MSE = 119.75, df 90.000. The letters above the bars indicate significant differences (p < 0.005). 
C(w) – Distilled water, C(CA) – Citric acid solution , T1 – 2% alginate 0.5% Ca 20 min , T2 – 
2% alginate 0.5% Ca 60 min, T3 – 2% alginate 2% Ca 20 min, T4 – 2% alginate 2% Ca 60 min, 
T5 – 4% alginate 0.5% Ca 20 min, T6 – 4% alginate 0.5% Ca 60 min, T7 – 4% alginate 2% Ca 




The bead hardness significantly affected both the release of the IJs into the soil and the 
disintegration of the beads into the soil. Whereas the IJs from the treatments with 4% sodium 
alginate concentration started moving out of the beads after 5 days, in the case of the treatments 
with 2% alginate sodium concentration, the release of IJs was noticeable from day 2 onwards. 
The hardening time was found to have no effect on the release of the IJs from the beads. The 
mealworms in the soil were infected 48 h after the release of the IJs (Fig. 3.5). In the control 
experiment with only water and no beads, mealworms were all found to be alive. The beads 
disintegrated after 2 weeks’ presence in the soil. 
 




The biodegradability of alginate beads, and the fact that they are harmless to the environment, 
make their use suitable for applying EPNs in the field. Short shelf life of EPN formulations has 
been a limiting factor since their initial commercialisation as the biological control agents of 
insect pests (Chen and Glazer 2005). Many challenges have been encountered with formulating 
EPNs through the encapsulating of IJs in the bead’s face, including IJs escaping from, and 
moving out of, the soft beads (Hiltpold et al. 2012). The fact that the alginate beads cannot retain 
IJs for prolonged long periods of time limits their long-term storage possibilities (Kagimu and 
Malan 2019). Kim et al. (2015) mention that the adjustment of bead properties, through the 
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addition of Ca2+ as the post-treatment, improves the degree of hardness involved which prevents 
the IJs escaping the beads. 
The current study shows that the sodium alginate percentage, which affects the hardness 
of the bead, has a significant effect on the number of IJs escaping from the beads. Of all the 
factors undergoing investigation (alginate, CaCl2 and hardening time), the alginate concentration 
had a significant effect on the number of IJs that escaped from the beads, with the Ca2+ and the 
hardening time not significantly affecting the number of IJs moving out of the beads. The 
treatment that resulted in the highest number of IJs escaping from the beads consisted of 2% 
alginate, 0.5% CaCL2, and 60 min with a mean of 126.50 ± 11.41. In contrast, the treatment that 
was recorded as resulting in the least number of nematodes escaping at six weeks consisted of 
4% alginate, 2% CaCl2, and 20 min with a mean of 32.67 ± 16. The results show that the best 
combination for retaining the IJs inside the beads was 4% alginate, 0.2% CaCl2, with a 20 min 
hardening time. The adjustment of the alginate bead properties, by means of pairing different 
concentrations of sodium alginate with CaCl2, together with different hardening times, allows 
for the release of the IJs from the beads to be as slow as possible over a period of time, thus 
overcoming the challenges experienced in the study conducted by Hiltpold et al. (2012), of the 
IJs escaping from the soft beads. The results of the current study support the findings made by 
Lotfipour et al. (2012), with regard to the effect of alginate and CaCl2 concentrations, as well as 
of the hardening times, on the extent of the encapsulation efficiency, size and morphology of the 
bacteria, Lactobacillus acidophilus (Lactobacillales: Lactobacillaceae).  Lotfipour et al. (2012) 
found that, of all the variables tested, the one to play the most important role was the alginate 
concentration. They reported that the firm, hard beads contained an increased number of 
entrapped bacteria with relatively high encapsulation efficiency. Furthermore, they concluded 
that the effect of CaCl2 concentration and hardening was not significant. Lastly, the increase in 
the percentage, or the concentration, of alginate tends to result in increased alginate viscosity 
and subsequent increased bead size, resulting in the formation of a firm protective layer 
(Chandramouli et al. 2004), thus preventing a high number of IJs from escaping. 
Although significant differences were found in the number of IJs that moved out of the 
beads from the different treatments, such variation did not affect the infectivity percentage 
developed against mealworms. High mortality against mealworms was reported, with the mean 
mortality percentages ranging from 81% to 90% being observed in all treatments. The high 
mortality caused by S. yirgalemense recorded in the current study correlates with the findings 
made in Kagimu and Malan’s (2019) study, where the 4-week old alginate beads encapsulated 
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S. yirgalemense stored at 25 ℃ attained a mortality mean percentage of 98% against Galleria 
mellonella L. (Lepidoptera: Tortricidae). The survival of S. yirgalemense under such a 
temperature does not support the general statement made by Grewal and Peters (2005) that low 
temperatures, ranging from 4 ℃ to 15 ℃, are best suited to prolonging the survival rate of IJs in 
storage. 
Kagimu and Malan (2019) mention that the ability of beads stored at 25 ℃ to retain more 
IJs than can beads at lower temperatures (6 ℃ and 14 ℃) is due to the fact that they are less well 
adapted to the colder temperatures, as they were originally isolated from warmer regions. 
Furthermore, the treatment with 4% alginate and 2% CaCl2, for a period of 20 min, with a mean 
of 33% over a 6-week period indicates that the slow release of nematodes in alginate beads at 
relatively slow rates can improve and prolong the shelf life of such a formulation. Regarding the 
important role that EPNs play in the agricultural crop protection industry, their slow-release 
advantages can benefit undercover production like greenhouses. For example, Katumanyane et 
al. (2018) report a significant reduction in the number of fungus gnats, Bradysia impatients 
(Johannsen) (Diptera: Scaridae), in a cucumber greenhouse 21 days post the application of S. 
yirgalemense. An inherent storage tolerance for relatively high temperatures was clearly shown 
for South African species by Hill et al. (2015) and Kagimu and Malan (2019). 
The properties of encapsulated IJs in sodium alginate could improve their effectivity 
against pest insects when broadcast in the field, as the layered film of the alginate protects against 
UV light. In relation to the above, Dlamini et al. (2020) mention how the temperature affected 
the results of two trial experiments, which did not differ significantly in terms of Frankliniella 
occidentalis (Pergande) (Thysanoptera: Thripidae) reduction in blueberry tunnels, despite the 
low and high concentrations of S. yirgalemense used in the first and second trial, respectively. 
The recorded mean temperatures of the experiment were higher in the first trial than were those 
in the second trial. 
In conclusion, the current study shows that the use of workable percentages of sodium 
alginate, together with CaCl2, as well as the hardening bead time, should, in future, lead to the 
overcoming of the challenge set by the escape of the IJs from the beads, and to achieving their 
long-term storage and slow release into the soil. In the present study, the beads that were stored 
at 25 ℃, which is approximately the same as the optimal room temperature, were able to survive 
for weeks, which shows potential in terms of reducing the degree of refrigeration required during 
transportation, as well as in terms of reducing the storage-related costs. Considering the above 
recorded results, it would be interesting to know how the beads would release the IJs in the field, 
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and how they would cause mortality against the targeted insect pest. Further greenhouse and 
field experiments are, therefore, recommended to provide additional insight.  
References  
Chandramouli V, Kailasapathy K, Peiris P, Jones M (2004) An improved method of 
microencapsulation and its evaluation to protect Lactobacillus spp. in simulated gastric 
conditions. J Microbiol Method 56:27–35 
Chen S, Glazer I (2005) A novel method for long-term storage of the entomopathogenic 
nematode Steinernema feltiae at room temperature. Biol Control 32:104–110. 
https://doi.org/10.1016/j.biocontrol.2004.08.006 
Chen S, Yang H, Jiang S (2000) Studies on the biochemical characters of Steinernema 
carpocapsae bj in anhydrobiosis. Acta Parasit Med Entomol Sinica 7:30–34 
Dlamini TM, Allsopp E, Malan AP (2020) Application of Steinernema yirgalemense to control 
Frankliniella occidentalis (Thysanoptera: Thripidae) on blueberries. Crop Prot 
128:105016 
Dunn MD, Belur P, Malan AP (2019) In vitro liquid culture and optimization of Steinernema 
jeffreyense, using shake flasks. BioControl 65:223–233. https://doi.org/10.1007/s10526-
019-09977-7 
Ehlers R-U (2001) Mass production of entomopathogenic nematodes for plant protection. Appl 
Microbiol Biol 56:623–633. https://doi.org/10.1007/s002530100711 
Ehlers R-U, Lunau S, Krasomil-Osterfeld K, Osterfeld KH (1998) Liquid culture of the 
entomopathogenic nematode–bacterium-complex Heterorhabditis megidis–Photorhabdus 
luminescens. Biocontrol 43:77–86. https://doi.org/10.1023/A:1009965922794 
Ferreira T, Addison MF, Malan AP (2015) Development and population dynamics of 
Steinernema yirgalemense and growth characteristics of its associated Xenorhabdus 
symbiont in liquid culture. J Helminthol 90:108–112 
Georgis R (1990). Formulation and application technology. In: Gaugler R, Kaya HK (eds) 
Entomopathogenic nematodes in biological control. CRC Press, Boca Raton, pp 173–191 
Glazer I, Salame L (2000) Osmotic survival of the entomopathogenic nematode Steinernema 
carpocapsae. Biol Control 18:251–257 
Stellenbosch University https://scholar.sun.ac.za
74 
Grewal PS (1998) Formulations of entomopathogenic nematodes for storage and application. 
Japan J Nematol 28:68–74 
Grewal PS (2000) Enhanced ambient storage stability of an entomopathogenic nematode through 
an-hydrobiosis. Pest Manag Sci 56(5):401–406 
Grewal PS (2002) Formulation and application technology. In: Gaugler R (ed) 
Entomopathogenic nematology. CABI Publishing, Wallingford, pp 265–287. 
https://doi.org/10.1079/9780851995670.0265 
Grewal PS, Peters A (2005) Formulation and quality. In: Grewal PS, Ehlers R.-U, Shapiro-Ilan, 
DI (Eds) Nematodes as biocontrol agents. Wallingford, UK, CABI Publishing, pp.79–89. 
https://doi.org/10.1079/9780851990170.0079 
Grzywacz D, Moore D, Rabindra RJ (2014) Mass production of entomopathogens in less 
industrialized countries. In: Morales-Ramos J, Rojas, MG, Shapiro-Ilan D (eds) Mass 
production of beneficial organisms. Elsevier, London. pp 519–561 
Hill MP, Malan A, Terblanch JS (2015) Divergent thermal specialisation of two South African 
entomopathogenic nematodes. PeerJ https://dx.doi.org/10.7287/peerj.preprints.1152v1 
Hiltpold I, Hibbard BE, French BW, Turlings TCJ (2012) Capsules containing 
entomopathogenic nematodes as a Trojan horse approach to control the western corn 
rootworm. Plant and Soil 358:11–25. https://doi.org/10.1007/s11104-012-1253-0 
Kagimu N, Malan AP (2019) Formulation of South African entomopathogenic nematodes using 
alginate beads and diatomaceous earth. BioControl 64:413–422. 
https://doi.org/10.1007/s10526-019-09945-1 
Katumanyane A, Ferreira T, Malan AP (2018) Greenhouse application of Steinernema 
yirgalemense to control fungus gnats, Bradysia impatiens. BioControl 63:729–738 
Kim J, Jaffuel G, Turlings TCJ (2015) Enhanced alginate capsule properties as a formulation of 
entomopathogenic nematodes. BioControl 60:527–535  
Lewis EE, Clarke DJ (2012) Nematode parasites and entomopathogens. In: Vega F, Kaya HK 
(eds) Insect pathology. 2nd ed. Academic Press, Amsterdam, pp 395–424 
Lotfipour F, Mirzaeei S, Maghsoodi M (2012) Evaluation of the effect of CaCl2 and alginate 
concentrations and hardening time on the characteristics of Lactobacillus acidophilus 
loaded alginate beads using response surface analysis. Adv Pharm Bull 2:71–78 
Stellenbosch University https://scholar.sun.ac.za
75 
Lu D, Macchietto M, Chang D, Barros MM, Baldwin J, Mortazavi A, Dillman AR (2017) 
Activated entomopathogenic nematode infective juveniles release lethal venom proteins. 
PLoS Pathog 13(4):e1006302. https://doi.org/10.1371/journal.ppat.1006302 
Malan AP, Knoetze R, Moore SD (2011). Isolation and identification of entomopathogenic 
nematodes from citrus orchards in South Africa and their biocontrol potential against false 
codling moth. J Invertebr Pathol 108:115–125. http://dx.doi.org/10.1016/j.jip.2011.07.006 
Navon A, Nagalakshmi VK, Levski S, Salame L, Glazer I (2002) Effectiveness of 
entomopathogenic nematodes in an alginate gel formulation against lepidopterous pests. 
Biocontrol Sci Technol 12:737–746. https://doi.org/10.1080/0958315021000039914 
Nguyen KB, Tesfamariam M, Gozel U, Gaugler R, Adams BJ (2004) Steinernema yirgalemense 
n. sp. (Rhabditida: Steinernematidae) from Ethiopia. Nematol 6:839–856. 
https://doi.org/10.1163/1568541044038605 
Perry RN, Ehlers R-U, Glazer I (2012) A realistic appraisal of methods to enhance desiccation 
tolerance of entomopathogenic nematodes. J Nematol 44:185–190 
Poinar GO Jr (1990) Taxonomy and biology Steinernematidae and Heterorhabditidae. In: 
Gaugler R, Kaya HK (eds) Entomopathogenic nematodes in biological control. CRC Press, 
Boca Raton, pp 23–61 
Qiu L, Bedding RA (2002) Characteristics of protectant synthesis of infective juveniles of 
Steinernema carpocapsae and importance of glycerol as a protectant for survival of the 
nematodes during osmotic dehydration. Comparative Biochemistry and Physiology Part 
B: Biochem Mol Biol, 131(4):757–765. 
Ruiz-Vega J, Cortés-Martínez CI, García-Gutiérrez C (2018) Survival and infectivity of 
entomopathogenic nematodes formulated in sodium alginate beads. J Nematol 50:273–
280. https://doi.org/10.21307/jofnem-2018-037 
Shapiro-Ilan DI, Gaugler R (2002) Production technology for entomopathogenic nematodes and 
their bacterial symbionts. J Ind Microbiol Biol 28:137–146. 
https://doi.org/10.1038/sj/jim/7000230 
Shapiro-Ilan DI, Han R, Dolinksi C (2012) Entomopathogenic nematode production and 
application technology. J Nematol 44:206–217 
Stock SP (2015) Diversity, biology and evolutionary relationships. In: Campos-Herrera R (ed) 
Nematode pathogenesis of insects and other pests sustainability in plant and crop 
Stellenbosch University https://scholar.sun.ac.za
76 
protection 1. Springer International, Cham, pp 3–27. https://doi.org/10.1007/978-3-319-
18266-7_1 
Szekalska M, Puciłowska A, Szymańska E, Ciosek P, Winnicka K (2016) Alginate: current use 
and future perspectives in pharmaceutical and biomedical applications. Int J Polym Sci 
2016:1–17  
Van Zyl C, Malan AP (2015) Cost-effective culturing of Galleria mellonella and Tenebrio 
molitor and nematode production in various hosts. Afr Entomol 23:361–375. 
https://doi.org/10.4001/003.023.0232 
Vemmer M, Patel AV (2013) Review of encapsulation methods suitable for microbial biological 





Formulation of Steinernema yirgalemense in gel for long term storage and 
application against pest insects 
 
Abstract 
The use of entomopathogenic nematodes (EPNs) offers the potential of reducing the use of 
chemical insecticides in the agricultural industry. Hydrogels for the long-term storage of EPNs 
may have the potential to improve the storage ability of EPNs. In this study, infective juveniles 
(IJ) of Steinernema yirgalemense were formulated in different gels, including agar, 
STOCKOSORB® 660 and nanofiber cellulose gel, and compared to nematodes in water only. 
Their survival and pathogenecity were investigated at 25 ℃. The larvae of Tenebrio molitor 
(mealworms) were used to test the pathogenicity of the IJs 6 weeks post formulation. IJs stored 
in 1% and 1.5% agar formulations were found to provide the best survival of 77% and 82% after 
6 weeks in formulation. When comparing the STOCKOSORB® 660 formulations, 80% IJ 
survival was recorded in a formulation of 1 g in 50 ml of water, with 50% of the IJs surviving in 
a formulation of 1g in 100 ml of water. IJs stored in the novel nanofiber gels died within the first 
week post formulation. The IJs in STOCKOSORB® 660 gel were found to be more virulent to 
mealworms than were the other IJs in the rest of the tested gels.  





The use of chemicals to control insect pest crop infestation often leads to insect chemical 
resistance, pollution of the environment and accumulation in animal bodies. Therefore, it is of 
importance to source and use such eco-friendly alternatives as biopesticides and biological 
control agents to prevent agricultural crop losses caused by insect pests (Ganguly et al. 2008). In 
recent years, entomopathogenic nematodes (EPNs) have been well studied and proven to work 
well as biological control agents of both above- and below-ground insects (le Vieux and Malan 
2015; Platt et al. 2020). When it comes to integrated pest management (IPM) programmes, EPNs 
are of great importance, as they can be incorporated when controlling insect pests of a wide range 
of agricultural crops, especially when the use of chemicals is not allowed, such as close to harvest 
(Heriberto et al. 2017).  
EPNs are insect parasites of the genera Steinernema and Heterorhabditis, which carry a 
symbiotic bacterium inside their intestines. Xenorhabdus spp. bacteria are associated with 
Steinernema and Photorhabdus spp. being associated with Heterorhabditis (Poinar 1990). 
Infective juveniles (IJs) of EPNs are the only non-feeding free-living stages in the EPN life cycle. 
They penetrate the insect through its natural openings, and, when inside the haemocoel, they 
release the bacteria with toxins, causing septicaemia, which leads to the death of the insect within 
the space of 24 to 48 h. EPNs feed on the bacteria-converted insect gut tissues, developing and 
reproducing (1 to 3 generations), where after a new cohort of IJs leaves the cadaver to search for 
a new host (Stock 2015). 
In South Africa, EPNs have been tested against such key pest as codling moth, false 
codling moth, weevils, mealybugs, Bradysia spp. and thrips (Malan and Hatting 2015; Hatting 
and Malan 2017; Malan and Ferreira 2017; Katumanyane et al. 2018; Dlamini et al. 2019a, b), 
showing great potential in all cases. Great progress has been made in terms of EPN formulation 
techniques, with EPNs being formulated in wettable powder, dispersible granules, sponge and 
water-soluble gel forms, which have become available both in Europe and on the American 
continent (Kaya et al. 2006; Kagimu et al. 2017). Market turnover of EPNs have come to assume 
second position in the biocontrol industry, after Bacillus thuringiensis products (Ehlers 1998). 
Nevertheless, the success that has been attained regarding formulation technology has mostly 
been challenged by the short shelf life of the product (Shapiro-Ilan et al. 2012), due to the 
necessity of maintaining the biological activity of the EPNs during storage (Georgis 1990). For 
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the development of a successful EPN formulation, Ehlers (2007) suggests that the formulation 
should be done as soon as possible after the production cycle, or process, has elapsed.  
The most significant reason for EPN formulation is the ability of the medium both to enable 
and condition the EPNs to survive in storage for lengthy periods and to improve their infectivity 
(Lacey et al. 2010). The shelf life of EPNs differs according to the species, with the expected 
shelf life of Heterorhabditis spp. being 3 to 6 months long and of Steinernema spp. being 6 to 
12 months long (Hazir et al. 2003). Therefore, it is important for researchers to choose the 
appropriate formulation media, which should possess properties that prolong the shelf life, and 
retain the pathogenicity of EPNs to exceed expectations (Georgis 1990).  
In South African plantation forestry, the survival and growth of seedlings during 
transplanting is enhanced by using the water-retaining polymer STOCKOSORB® 660 (Viero 
and Little 2006). The gel is commonly applied around the root zones of seedlings, where it is 
applied to retain moisture. It, thus, provides a potential medium for the application of EPNs in 
plantation forestry and other environments (Abate et al. 2019).  
As the slight desiccation of EPNs is reported to reduce their metabolism and energy 
reserves, with it having been proved to extend the shelf life of EPNs (Lacey et al. 2010), it should 
be one of the properties to be considered when choosing the formulation media. The formulation 
of EPNs using gels serves to minimise the movement of the IJs, which leads to their reduced 
metabolism, thereby helping to maintain the energy reserves required for insect infection. 
In the current study, a South African endemic EPN species was formulated in different 
types of gels and stored at 25 ℃. The viability of formulated IJs was determined after six weeks 
of storage. 
Materials and Methods  
Production of nematodes 
Steinernema yirgalemense Nguyen, Tesfamariam, Gozel, Gaugler & Adams (Nguyen et al. 
2004; Malan et al. 2011) was cultured using in vitro liquid culture (Ferreira et al. 2016; Dunn et 
al. 2019). The culture process, in short, was as follows: Xenorhabdus indica Somvanshi, Lang, 
Ganguly, Swiderski, Saxena & Stackebrandt (Ferreira et al. 2016) associated with S. 
yirgalemense was cultured by means of inoculating autoclaved 30 ml of TSB (tryptic soy broth) 
in 250-ml Erlenmeyer flasks with 200 µl bacteria. The flasks were shaken in a 28 ℃ growth 
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incubator, in a junior orbital shaker at 140 rpm, for 48 h. The bacterial cultures (4%) were 
inoculated into 30 ml of dried egg yolk complex media, contained in 250-ml Erlenmeyer flasks, 
and left to grow at 25 ℃ on an open OrbiShaker for 48 h. The Erlenmeyer flasks containing both 
the media and the bacteria were inoculated with IJs (1000 IJs ml-1) of S. yirgalemense and left to 
grow and reproduce for 14 days at 140 rpm. The flasks containing the IJs were then moved to 
cold storage (14 ℃), where they were left on an orbital shaker for formulation from day 17 
onwards, so as to ensure IJs are fully developed. 
Down-streaming of nematodes 
After harvesting the IJs from one Erlenmeyer flask using a 32-µm sieve [Clear Edge Filtration 
SA (Pty) Ltd, South Africa], they were washed thoroughly with filtered tap water. After being 
scooped into a weighing boat, the paste of IJs was used for formulation together with the different 
gel types. Each flask delivered approximately 7.5 × 106 IJs. 
Insect host 
The larvae of mealworms, Tenebrio molitor L. (Coleoptera: Tenebrionidae), used for the 
pathogenicity tests were purchased from a local shop and maintained in the dark at the 
Department of Conservation Ecology and Entomology, Stellenbosch University. The 
mealworms were fed bran, together with pieces of carrots as a source of moisture and kept in a 
container with an aerated lid (Van Zyl and Malan 2015). 
Different gels used in formulation 
Nematodes were formulated using three different gel media: agar, STOCKOSORB® 660 (Agro-
Serve (Pty) Ltd, Bryanston, South Africa) and novel nanofiber cellulose gel (Polymer Science, 
Stellenbosch University). Two different agar powders were used: agar powder (SIGMA-
ALDRICH) and agar-agar powder (Health Connection Wholefoods). STOCKOSORB® 660, 
which is a super-absorbent homopolymer (hydrogel)-based acid potassium that is acrylamide-
free is used for both water and soil management in agriculture and horticulture, and a novel 




Table 4.1. Different types of gels used for the formulation of nematodes. 
Gel type Trade name Supplier Form 
Agar 1 Agar powder 
(Laboratory grade) 
Sigma-Aldrich Powder 





Waterwise crystals STOCKOSORB® 
660 
Agro-Serve (Pty) Ltd, 
Bryanston, South Africa 
Granules 
Nanofiber Newly designed Polymer Science Prepared 
Preparation of gels 
Agar types 
For each of the two agar powders (agar, expensive laboratory-grade, and agar-agar, cheap 
consumer grade), six different concentrations (1%, 1.5%, 3%, 4% and 6%) were used per 50 ml 
of distilled water. The agar formulation was prepared by means of dissolving the agar powder in 
water in a microwave. When the temperature of the solution reached ± 28 ℃, the nematodes 
were added and stirred, and the mixture was poured into Petri dishes to solidify. The Petri dishes 
were stored in a 25 ℃ incubator. The number of dead and live IJs was recorded every week for 
6 weeks.  
STOCKOSORB® 660 
The water-retaining STOCKOSORB® 660 (polyacrylamide gel, Agro-Serve (Pty) Ltd, 
Bryanston, South Africa) is commercially available in the form of powder or granules, whereas 
the gel was prepared following the manufacturer’s instructions, which involved mixing 5 g of 
powder with 500 ml sterilised water. Two compositions were prepared by means of adding 100 
ml (C1) and 50 ml (C0.5) of nematodes in the nematode suspension in distilled water to 1 g of 
STOCKOSORB® 660 powder, upon which it was mixed. Each solution contained approximately 
5 × 106 IJs. After the polymer had fully retained the water, the formulations were packaged in 
small plastic containers with lids and stored in a 25 ℃ incubator. For each combination, three 
replicates were used (involving three packaged containers per formulation). The experiment was 
repeated twice on a different test date, using a different nematode batch. 
Stellenbosch University https://scholar.sun.ac.za
82 
Novel nanofiber gel 
For the cellulose nanofiber gel formulation, four gel compositions were used, consisting of 
cellulose with three added solidifying salts [sodium chloride (NaCl), calcium chloride (CaCl2) 
and aluminium salt]. A paste of IJs was added to 50 ml cellulose gel and stirred, after which 2.5 
ml of the 0.5M of each solidifying salt was added. The formulations were then packaged in 
plastic containers and stored in a 25 ℃ incubator. In the experiment, the nematodes stored in 
distilled water in a ventilated culture flask were used as the control. The experiment was repeated 
twice on a different test date, using a different nematode batch. 
Survival of IJs in gels  
Weekly, 0.5 g of the agar or gel formulation was stirred in distilled water on a magnetic stirrer, 
so as to facilitate the release of the IJs. From the solution, 1 ml was pipetted into a graded Petri 
dish, and both the live and the dead nematodes were observed under the stereomicroscope. The 
number of live and dead nematodes was counted of the first 100 nematodes observed, with the 
number being used to indicate the percentage survival. The experiment was repeated twice on a 
different test date, using a different nematode batch. 
Pathogenicity tests 
The formulated IJs were evaluated for infectivity at 6 weeks of the storage period. The 
formulation was stirred on a magnetic stirrer in water, so as to facilitate release of the IJs. The 
concentration of the nematodes in the suspension was adjusted to the concentration required for 
the inoculation (100 IJs / 50 µl). Twelve filter papers were fitted in alternate wells of 24-bioassay 
plates, with mealworms being added on top of each filter-papered well. The mealworms were 
inoculated with 100 IJs / 50 µl of the gel solution. To prevent the escape of the mealworms and 
to retain moisture, glass was fitted onto the bioassay lids. Five bioassays were used for each 
treatment concentration (with each consisting of 12 alternating wells) (n = 60). The bioassay 
plates were then placed in plastic tubs lined with moistened paper towels and maintained in a 
25 ℃ incubator for 48 h. Mortality was verified and confirmed through the visual colour 
observation of the mealworms. The experiment was repeated with each batch of gel formulation, 
with the nematode species and storage conditions remaining the same as in the above description. 
Statistical analysis 
Statistical analyses were conducted using STATISTICA 13.2 software (StatSoft. Inc). Where the 
results were not normally distributed, bootstraps were performed on the data to obtain least 
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significance difference (LSD) multiple comparisons. In other instances, the means were 
accordingly separated by means of the administration of Fisher’s least significant difference or 
the Games-Howell post hoc test. 
Results 
The analysis of the data of all gel media used showed no significant difference (p > 0.05) between 
the two batches in terms of time and treatments, allowing for the data to be pooled and analysed. 
Agar types  
In week 1, the control, 1%, 1.5% and 3% agar formulation did not differ significantly (p > 0.05) 
from each other, but they did differ significantly from the 6% formulation. Within the tested 
treatments (excluding the control), the formulation with 1.5% agar had the highest mean 
percentage survival of IJs, with a mean percentage of 93.00% ± 1.41%, and the formulation with 
6% agar had the lowest mean percentage survival of 83.00% ± 2.83%. From week 2 to week 6, 
the control, 1%, 1.5% and 3% agar formulation were not significantly different from each other 
(p > 0.05), but significantly (p < 0.05) differed from the 4% and 6% formulation. The 
formulations made of 4% and 6% differred significantly (p > 0.05) from each other. During the 
last week of the experiment, the treatment with the highest mean percentage survival was that 
which was made of 1% agar (81.00% ± 2.23%), while that with the lowest mean percentage 
survival was that which was made of 6% agar (50.00% ± 1.41%) (Fig. 4.1A). 
The data analysis of IJs survival formulated in the agar-agar media showed a relatively 
slow decrease over 6 weeks for all agar percentages that were investigated, except for in the case 
of the IJs that were stored in 4% and 6% agar-agar gel formulation where a fast decline was 
observed. Significant differences were observed between some of the percentages in the different 
agar tested, 1% agar-agar differed significantly from 3%, 4% and 6% from week 2 to week 6. 
Six percent was always significantly lower than the other percentages while 4% was significantly 
lower than 3% from week 4 to week 6.  The IJs stored in 6% agar-agar formulation gave the 
lowest mean percentages throughout the 6-week period of the experiment. In week 6, the IJs 


























































































































Fig. 4.1 Mean percentage survival (95% confidence level) of S. yirgalemense infective juveniles 
(IJs) in A: agar formulation (F25, 36 = 3.468; p < 0.01) and B: agar-agar formulation (F25, 36 = 
11.723; p < 0.01). Different letter on the bars indicate significant differences (p < 0.05) between 
treatment concentrations and the number of nematodes to survive 
 
STOCKOSORB® 660 
The mean percentage survival of IJs in the control treatment differed significantly (p > 
0.05) from both the treatments (C0.5 and C1) investigated throughout the 6-week period. In week 
1, the formulation with half the concentration of water did not differ significantly from that with 
the recommended concentration of water. However, a change was noticed from week 2 to week 
6, wherein the mean percentage survival of IJs in C0.5 and C1 differed significantly from each 




mean percentage survival of IJs in C1 dropped significantly at week 5, from 72.00% ± 1.41% in 
week 4 to as low as 52.50% ± 0.71% in week 5 (Fig. 4.2). 






























Fig. 4.2 Mean percentage survival (95% confidence level) of Steinernema yirgalemense 
infective juveniles (IJs) in STOCKOSORB® 660 formulation, prepared by adding 1 g to 100 ml 
(C1) and 50 ml (C0.5) of nematodes to the nematode suspension in distilled water, as well as in 
the control, using nematodes in water only (F10, 18 = 75.079; p < 0.01). Different letters above the 
bars indicate significant differences (p < 0.05) between the different weeks and the percentage 
of nematode survivall 
Novel nanofiber gel 
After 1 week of storage, the IJs in water were still active and alive (4.3A). The S. yirgalemense 
IJs formulated in nanofiber cellulose gels, which died 1 week post formulation, were observed 





Fig. 4.3 (A) Live S. yirgalemense IJs after 1 week of storage in water only (B) Dead Steinernema 
yirgalemense infective juveniles (IJs) after 1 week of storage in nanofiber cellulose gels. 
Pathogenicity 
No significant (p > 0.05) difference was obtained between the two batches of all the gels in terms 
of the main effects of treatments and time, allowing for the data to be pooled and analysed 
through one-way ANOVA. 
The control mortality did not differ significantly in the case of either the 1% (p = 0.15) or 
the 3% (p = 0.07) agar mortality, but it did differ significantly from that caused by the 1.5% (p 
= 0.017), 4% (p = 0.017) and 6% (p = 0.0026) agar. The percentage mortality caused by the IJ 
formulations with 1%, 1.5%, 3% and 4% agar did not significantly differ (p > 0.05). The 
percentage mortality caused by IJ formulations with 6% agar was significantly different from 
that of those with 1% (p = 0.0026) and 3% (p = 0.034) agar but did not differ significantly from 
those with 1.5% (p = 0.15) and 4% (p = 0.15) agar. Within the treatments (excluding the control), 
the formulation that caused the highest mean mortality was that with 1% (79.17% ± 5.38%) agar, 
whereas the one that caused the lowest mean mortality was that with 6% (54.17% ± 5.38%) agar 
(Fig. 4.4A). 
The mortality percentage of the IJ control did not differ significantly (p = 0.10) from that 
of the IJs formulated in 3% agar, but it did differ significantly from that of formulations made 
with 1%, 1.5%, 4% and 6%, with p-values of 0.01, 0.02. 0.00 and 0.00, respectively. Within the 
treatments (excluding the control), the formulation that caused the highest mean mortality was 
that with 3% agar (79.17% ± 4.50%), whereas the one that caused the lowest mean mortality was 










































































Fig. 4.4 Mean percentage (95% confidence level) of infected Tenebrio molitor inoculated with 
infective juveniles of Steinernema yirgalemense formulated in A: agar (F5, 6 = 5.6800; p = 
0.02823) and B: agar-agar (F5, 6 = 9.4000; p < 0.01), stored at 25 ℃ for six weeks. The letters 
above the bars indicate significant differences (p < 0.005) between the treatments and the 
percentage mortality 
STOCKOSORB® 660  
The mortality percentage of the IJs in the treatment in which half of the recommended water was 
used for the formulation did not differ significantly (p = 0.45) from that of the control, but it did 
differ significantly (p < 0.001) from the recommended water addition. The highest mean 
mortality of T. molitor L. occurred with the T.0.5 (91.67% ± 0.00%), whereas the lowest mean 
mortality of T. molitor L. occurred with the T1 (54.17% ± 5.89%) 
Stellenbosch University https://scholar.sun.ac.za
90 




























Fig. 4.5 Mean percentage (95% confidence level) of the infected T. molitor L. inoculated with 
the infective juveniles of S. yirgalemense formulated in agar, and stored at 25 ℃ for six weeks 
(F2, 3 = 36.5; p < 0.01). The letters above the bars indicate significant differences (p < 0.05) 
between the treatments and the percentage nematode mortality 
Discussion  
The short shelf life of EPNs has been seen as being among the limiting factors in the 
commercialisation and expanded use of EPNs as the biological control agents of pest insects 
(Chen and Glazer 2005). Maintaining the balance in the water retention, both inside and in the 
surrounding area of the IJs is important for prolonged IJ viability, since they are aquatic 
multicellular organisms. In the current study, to maintain the water balance in and around the IJ 
bodies, different gel media were used. Although the IJ survival in the gels tended to be lower 
than was that in the control (water), some IJ survival rates did not differ significantly from that 
in the control. The performance of S. yirgalemense IJs in the gels varied in the different gel types 
used. 
The concentration that had better survival stability for the S. yirgalemense IJs in both the 
agar and the agar-agar formulations was 1%. The results of the current study are consistent with 
those of Hussein et al. (2012), who reported that Steinernema feltiae (Filipjev, 1934) Wouts, 
Mráček, Gerdin & Bedding IJs in 1% agar formulation had better survival and viability than did 
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those in the other concentrations (2% and 4%). In addition to the above, they, further, discussed 
that the higher concentrations condensed during spraying, which was more like the similar 
experience in the current study, where facilitating the release of the IJs from the higher 
concentrations, being the 3%, 4% and 6%, was found to be difficult, as the solutions were 
inclined to clump. Therefore, using relatively high agar concentrations is not suitable when the 
delivery method to fields or greenhouses is conducted through spraying, as the presence of the 
agar particles can lead to the blockage of the spray nozzles. However, to deliver slow release in 
the blocks in the case of such potted plants as blueberries and cucumbers produced under cover 
would be ideal. 
The survival of the IJs in the STOCKOSORB® 660, where half of the recommended 
amount of water (C0.5) was added, was higher than that where the recommended amount of 
water (C1) was added. At week 6, C0.5 had 80% IJ survival, whereas C1 had 50% IJ survival. 
The results clearly indicate that the free water in the formulation had a negative effect on the 
survival of S. yirgalemense IJs. The results of the current study resembled those that were 
obtained by Abate et al. (2019), who reported 66% survival at 6 weeks when they formulated the 
same species, S. yirgalemense, in STOCKOSORB® 660. However, their mortality results were 
quite different from those that were obtained in the present study, as they reported 71% mortality 
of G. mellonella, whereas 54% mortality of mealworms was obtained in the current study. The 
difference obtained in the percentage might have been due to the host insect susceptibility. The 
use of STOCKOSORB® 660 in the transplanting of tree seedlings in forestry in South Africa 
creates a suitably moist environment in which to increase the post-application survival rate of 
the EPNs (Abate et al. 2019). The authors also suggest that the EPNs be directly applied to the 
soil to form a soil-gel mix so as to enhance their survival rate. 
The use of novel cellulose nanofiber hydrogel was found not to be suitable as a storage 
medium for S. yirgalemense IJs. The addition of salts to solidify such a hydrogel formulation did 
not affect how the EPNs responded to the gel, as the nematodes in the control gel also died. The 
reason for the death of the nematodes in the gel are still unclear, but the sodium hypochlorite 
that was present in the cellulose gels was found to have a negative effect on the survival of the 
S. yirgalemense IJs, as sodium hypochlorite was the main ingredient in the solution used for the 
exsheathment of the cuticle and the surface-sterilising IJs.  
The use of a slurry to stiffen the gels as the storage medium for the IJs could be the way 
forward in striving to attain the long-term survival of EPNs, as, in the study conducted by 
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Hokkanen and Menzler-Hokkanen (2002), the polyacrylate S. feltiae gel formulation survived 
for a period of 2 years at 4℃. Additionally, the 1-year storage period of S. feltiae was attained 
by Caamano et al. (2008) at room temperature. Applying S. carpocapsae in a gel formulation 
has been found to protect IJs from UV damage, with the IJs in such a formulation being found 
to be more effective, in terms of infecting and killing the larvae of G. mellonella, than are the IJs 
in aqueous solution (Dito et al. 2016).  
The application of nematodes in a gel mixture not only protects the IJs from such abiotic 
factors as UV radiation, desiccation and high temperatures, but it can also help with soil moisture 
retention, by reducing the amount of water required for irrigation (Brixey et al. 2006). Although 
the agar gel formulation investigated in the current study was found to have a relatively high IJ 
survival and infectivity rate against mealworms, further greenhouse experiments or field 
evaluations are recommended for where the gels with a relatively high percentage of 
concentration require placing near the root zone, or just below the soil surface, so as to investigate 
whether the nematodes will be able to escape the agar and infect the target pests (above- and 
below-ground pests).  
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General discussion  
The effect of agrochemical pesticides on the environment, soil and humans has led to an increase 
in the use of other alternatives to control pest insects in the agricultural and forestry industries. 
As some pest insects have developed resistance to their registered chemicals, alternatives, like 
the use of biological control agents, have been given much attention. Among the many biological 
control agents that have previously been investigated and used are entomopathogenic nematodes 
(EPNs). The genera Steinernema and Heterorhabditis, together with their associated symbiotic 
bacteria of the genera Xenorhabdus and Photorhabdus, are capable of infecting and killing their 
target hosts within 24 to 48 h.  
The commercial use of EPNs in South Africa is still in its infancy, as additional research 
into the mass production and formulation of local species is currently under way. In South Africa, 
no reports of any locally available EPN products on the South African market have been made, 
unlike in Europe and the United States of America. However, success in the in vitro culturing 
and formulation of Steinernema jeffreyense, S. yirgalemense and S. innovationi, which are South 
African endemic species, has been reported. 
The degree of success that can be obtained in the commercialisation of formulated EPNs 
depends on the extent of its storage stability without infectivity loss. Recent studies have focused 
on advancing and improving the formulations, so as to enable the prolonged storage of the 
infective juveniles (IJs), without negatively affecting their longevity and virulence. Chen and 
Glazer (2005) mention two main factors in storage that can improve and enhance the shelf life 
of IJs, namely their partial anhydrobiosis and physical trapping. The formulations that were 
investigated in the current study form part of the above-mentioned types and included the use of 
diatomaceous earth (DE), which induces partial anhydrobiosis, and alginate beads and gels, 
which are elements in physical trapping. 
To commercialise and expand the use of EPNs as biological control agents for the 
successful control of pest insects, mass-culture and formulation are of key importance. No large-
scale field trials can be executed without masses of nematodes (2.5 × 109 IJs/ha) (Shapiro-Ilan 
et al. 2012), which need to be formulated at high concentrations for storage, transport and 
application. The research focused on developing formulations, including cost-effectiveness, 
room temperature (RT) stability, and high concentration to suit transportation requirements and 
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easy application in fields or undercover production. In all cases, high infectivity against the 
targeted pest insect and improved field persistence are factors requiring consideration (Grewal 
2000; Shapiro-llan et al. 2012; Grzywacz et al. 2014). 
The study investigated the suitable formulation of two in-vitro cultured local isolates, S. 
jeffreyense and S. yirgalemense, by evaluating their storage stability in different formulating 
media stored at different temperatures. The nematodes were cultured in high numbers of 
approximately 3.5 × 103 of S. jeffreyense and 7.5 × 103 S. yirgalemense in 30-ml Erlenmeyer 
flasks, using the technique of Dunn et al. (2019, 2020), which enable high concentration 
formulation in concentrations higher than 7 × 103 IJs per gram of DE. Both the survival of the 
IJs and their infectivity post formulation was monitored over time. The formulations that were 
investigated included the use of DE, sodium alginate beads and different gels as long-term 
storage formulations.  
The microbial contamination of nematode formulations is a factor affecting the shelf life 
of stored formulations, thus limiting the success of commercialisation of EPN application. The 
presence of microbial contaminants in formulations also leads to poor quality, with DE 
formulations being most prone to fungal growth, which tends to compete with the available 
oxygen, and to pose the risk of clogging the nozzles used for spraying during application. The 
study investigated the direct effect of two antimicrobial agents, nipagin and Procydin, on both S. 
jeffreyense and S. yirgalemense. Of the concentrations that were tested, those of both nipagin 
and Procydin at 0.25% had no effect on the viability of S. yirgalemense and S. jeffreyense IJs, as 
the concentration did not differ significantly when they were compared with the control (IJs in 
water only). Furthermore, the concentrations were used for adding to DE formulations. The 
formulations were then stored at different temperatures, including room temperature (RT), 14 ℃ 
and a constant 25 ℃. The results obtained clearly indicate that, even though the antimicrobial 
agents were successful in inhibiting the microbial growth to some extent, they can negatively 
affected the survival rate, and resulted in the loss of virulence, when their formulations were 
compared with those with no added antimicrobial agents. 
Although nipagin was not efficient enough to inhibit the fungal growth in the formulations 
stored at RT and 25 ℃, it maintained a high survival rate of IJs compared to that which was 
maintained by Procydin, which is also known to lower the survival rate of IJs over time. The 
formulations stored at 14 ℃ had the highest percentage mean survival rate for both S. jeffreyense 
and S. yirgalemense. Both the temperature and the presence of the antimicrobial agents had an 
effect on the two nematode species, regarding the percentage mortality rate obtained against 
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Tenebrio molitor. The pathogenicity results obtained for S. jeffreyense differed slightly from 
those that were obtained for S. yirgalemense. With S. jeffreyense, the highest percentage survival 
was obtained at RT, whereas with S. yirgalemense it was at 14 ℃. The formulations containing 
nipagin had relatively high pathogenicity rates against mealworms, compared to those that were 
obtained with formulations containing Procydin. 
The second objective of the study was to improve the shelf life and the extent of entrapment 
of S. yirgalemense IJs encapsulated in sodium alginate stored at 25 ℃. Improvement of the shelf 
life was achieved by means of entrapping S. yirgalemense IJs into beads, using 2% and 4% 
sodium alginate, and 0.5% and 2% calcium chloride, with a hardening time of 20 and 60 min. 
The use of different sodium alginate concentrations, and the hardening time of the beads, was 
investigated regarding preventing the IJs from escaping from the beads. After the six-week 
storage period, they were used to test their pathogenic effect on T. molitor. The final experiment 
that was conducted to attain this objective involved assessing the length of time that it took for 
the IJs to escape from the beads, and the disintegration of the beads, when they were broadcast 
into the natural soil. Of all the factors investigated (alginate, CaCl2 and hardening time), the 
alginate concentration had a significant effect on the number of IJs escaped from the beads, with 
the Ca2+ and the hardening time not significantly affecting the number of IJs moving out of the 
beads. All of the IJs in the bead formulation resulted in the relatively high mortality of T. molitor. 
In the present study, the beads that were stored at a constant temperature of 25 ℃, which is close 
to optimal RT, were able to survive for weeks, which shows their potential in terms of reducing 
the degree of refrigeration required during transportation, as well as in terms of reducing the 
storage-related costs involved. Although the use of beads would be limited in orchards 
application, it would be an ideal formulation to use in terms of the undercover production of 
vegetables and blueberries. The beads, which act as a slow-release system for nematodes over a 
period of under six weeks, would be especially effective during the harvesting of edibles, when 
no chemical control may be applied. The formulation would also be ideal for small-scale 
applications like in home gardens and urban horticulture. 
The final objective of the current study was to develop a gel formulation of S. 
yirgalemense, with improved storage and application ability. The gels were stored at 25 ℃ and 
tested, after six weeks, for pathogenicity against the larvae of T. molitor. The gels used were two 
different types of agar (laboratory-grade and consumer-used), STOCKOSORB® 660 and a novel 
developed cellulose nanofiber gel obtained from the Polymer Science Department, Stellenbosch 
University. The nanofiber gels were, however, found not to be suitable for the storage of IJs. 
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Surprisingly good results were obtained when using a soft agar (1% and 1.5%) and 
STOCKOBSORB® 660 has already been indicated as having potential for application in the 
planting of small trees in plantations, to prevent white grubs from attacking the roots, while, 
simultaneously, trapping moisture. Such formulation of nematodes will be attractive for purposes 
of both nursery and ornamental production application. 
For researching long-term storage, the mass-culture of such nematodes is essential, as a 
major difference exists in terms of the concentrating of nematodes at high concentrations 
compared to low concentrations. Especially with the use of DE, low concentrations of IJ tend to 
have a negative effect on the nematodes in the formulations, through the process of 
anhydrobiosis. The ratio of IJs and DE in the formulations should be well balances, there should 
be more nematodes than DE in the formulations (Kagimu and Malan 2019). The ability of the 
EPNs in the current study to possess up to eight weeks’ storage stability is an encouraging aspect, 
showing potential for commercialisation. The performance of IJs varied according to the 
formulations used. To proceed with the commercialisation of EPNs in South Africa, future 
research should focus increasingly on the development of a formulation with a prolonged storage 
period and the use of antimicrobial agents to prevent microbial contamination. Such a 
formulation should then be tested in large-scale field trials for effectivity. Lastly, to achieve 
optimum results for infection in the field, it is necessary to have enhanced understanding of the 
physiology and ecology of the EPN in the orchard environment, and of such inherent 
characteristics of the nematode species as the temperature at which it was first isolated and of 
other factors that might negatively affect its infection ability regarding the host.  
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